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ABSTRACT 
Animal well-being has become one of the most controversial issues associated with modern 
animal agriculture. How animals raised for human consumption are being housed in modern 
housing systems has resulted in the passing of referendum that  ban gestation stalls for sows, 
crates for veal calves, and battery cages for laying hens.  Currently no scientific information 
support the current notion that these  housing systems compromise animal well-being nor 
support that any of the current alternative housing systems improve animal welfare. Thus, 
implementing these novel housing systems before adequately assessing the impact of these 
systems on animal well-being could potentially compromise animal welfare. Therefore, the 
objective of this dissertation is to determine, which specific-housing components (physical and 
biological) within an individual, group-pen, and stall-pen housing system can be modified to 
enhance the well-being of gestating sows.   All systems measured within the dissertation were 
assessed throughout gestation using a multi-disciplinary approach to determine sow well-being. 
Sow performance, productivity, behavior, and immune and endocrine status were all assessed at 
various time points throughout gestation to determine the overall well-being of the sow in each 
of these systems.  Data were analyzed using Proc MIXED with repeated measures and Proc 
CORR was used to identify potential relationships among measures (SAS). Results from the 
research indicate that several physical components or management strategies that make-up a stall 
(e.g., expansion of stall width or direction of bars on front gate), pen (e.g, floor-feeding of high-
fiber diet and floor-space allowance), and previous environment prior to gestation environment 
(e.g., standard stall for 30 d prior to group-pen for remainder of gestation) all seem to impact sow 
well-being within each alternative housing environment assessed and should be considered 
before implementing.  Components that can potentially improve sow well-being are feeding a 
high-fiber diet with easy access to waterers in a group-pen of 1.7 m
2
 floor-space allowance, 
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considering social status of sows kept in group-housing systems and therefore allocating based 
on BW, increasing the width of standard gestation stalls and ensuring that environmental 
components allow for oral activity to occur within that stall, and utilize a standard gestation stall 
prior to placing sows in group-pens.  Conversely, components that were found to either 
compromise sow well-being or no welfare improvements were detected were: utilizing a 2.3 m
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floor-space allowance group-pen and feeding a high-fiber diet, using vertical bars on the front 
gate of the individual stall system, and using an individual stall that allows the sow to turn-
around encouraged fighting if kept in them throughout gestation and prior to placement into a 
group-pen on d 30. Results from this dissertation imply that components within housing systems 
impact indicators of sow well-being more than the actual housing system.  Making simple 
physical, biological, and management adjustments within existing facilities can improve sow 
well-being while sustaining world protein supply, producer profitability, and consumer trust.   
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Chapter 1 
INTRODUCTION 
Animal welfare is a major public issue on a global scale and the most critical issue facing 
the swine industry is how the dry sow should be accommodated without compromising sow 
well-being or affecting the sustainability of animal agricultural.  The sow housing issue has been 
primarily driven by non-governmental special interest groups and regulations promulgated in 
Europe. For the most part, these decisions have been founded on human perception rather than 
scientific data.  A survey conducted by Lusk and Norwood (2008) found that 54.3% of the 
American public respondents believe decisions regarding farm animal welfare, such as housing 
systems for sows,  should be based on scientific measures of animal well-being, as opposed to 
moral and ethical consideration used by the special interest groups.  Public approval for sow 
housing could have serious societal and economic implications for domestic and international 
pork production and trade.   There is growing concern about sow keeping systems, with 
emphasis being placed on sow welfare (Bracke et al., 2002a,b; McGlone et al., 2004).   New 
housing systems are being forced upon producers without consideration as to the impact these 
alternatives may have on animal well-being.   A variety of alternative systems have been 
proposed and tried, but neither a set of acceptable individual nor group systems has been 
scientifically identified based on enhanced sow well-being.  
Results of industry and experiment-station research from around the world indicate that 
alternative keeping systems do not necessarily result in improved sow well-being, but acceptable 
well-being (McGlone et al., 2004; Rhodes et al., 2005).  To date, each housing system used has 
advantages and disadvantages, but no scientific evidence indicates that any one system truly 
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improves sow welfare based on current notions of sow well-being (McGlone et al., 2004; Rhodes 
et al., 2005; Gonyou, 2007; Levis, 2007; McGlone 2007; Salak-Johnson et al., 2007; Stalder et 
al., 2007).  It is plausible that not one specific housing system is the answer for every sow, every 
stage of production, and the industry as a whole.   
Improving well-being of the gestating sow is of utmost importance to the sustainability of 
animal agriculture; however, we must continuously enhance swine welfare while meeting the 
requirements of the producer in order to sustain animal agriculture. A regulatory mandate to 
transition from stalls to group-pen housing would result in  $3.07 billion loss to the industry  
(Buhr, 2007) and  a change to group-housing would add 0.78% to the cost of each slaughter-
ready animal (den Ouden et al., 1997; Buhr, 2007; Siebert and Norwood, 2011).  Based on a 
meta-analysis of 5 European studies, converting from stalls to group-pens would increase the 
cost of production by 1.5% (Turner, 2000). Siebert and Norwood (2011) evaluated various levels 
of swine welfare, based on environmental conditions, and the cost to market a pig in each 
housing system, for example when comparing intensive confinement and large pastures there 
would be $0.10 difference in the cost per pound of finished hog (at $3.00 corn prices) between 
the two systems.  It is likely this cost difference would continue to increase due to the increasing 
corn prices.  Despite these potential increase in cost based on these various factors, many argue 
that consumer demand for welfare-friendly products would off-set this cost because the 
consumer is willing to pay higher price for them (Zhao and Wu, 2011).  Some consumer studies 
reported that consumers are willing to pay $0.34 per pound more for pork produced in a group-
pen system than an individual stall system (Tonsor et al., 2009). However, currently no research 
has been conducted to determine how to provide a low cost high-quality protein source to meet 
the demands of the ever increasing human population. Based on multiple reviews and 
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experiments the scientific community cannot assure the modern-day consumer that simply 
transitioning into group-pen housing system will truly improve animal well-being. Until housing 
systems are identified, refined and optimized based on improved animal well-being we should 
not expect the consumer to pay more for animal welfare-friendly products.   
Before the demands of the public can be met, we must first and foremost meet the needs 
and wants of the sow that truly enhance sow well-being.  Most often the needs of an animal can 
be expressed in terms of the five freedoms described by Webster (1987): freedom from 1) 
malnutrition, 2) thermal and physical discomfort, 3) injury or disease, 4) suppression of normal 
behavior, and 5) fear and stress. However, the producer has requirements as well, which were 
suggested by Edwards (1990) as: 1) high biological performance, 2) low labor input, 3) ease of 
management, 4) acceptable capital cost, and 5) acceptable financial return. Both of these 
requirements are vital to the success of the swine industry. Animal well-being and producer 
needs are a symbiotic relationship and housing systems should be designed to address the needs 
of the sow without compromising the economic sustainability of the producer. Based on the 
requirements stated previously, if the sow’s needs are not met, the producer’s needs are not met.   
Therefore, the overall dissertation objective was to determine, which specific-housing 
components (or factors, that include both physical and biological components) within an 
individual stall, group-pen, or stall-pen combination system impact sow well-being.   Upon 
identifying those physical and biological components within each system that have an 
effect, would enable us to design and optimize alternative systems that do improve sow 
well-being.   To achieve this objective, 4 experiments were conducted focusing on identifying 
the components that improve the well-being of gestating sows in order to optimize existing 
systems by 1) feeding dietary fiber to group-kept sows and different floor-space allowances 2) 
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using alternative housing system designs, based on various physical components, 3) determining 
how dominance status influences well-being and group-pen utilization and 4) applying various 
management strategies to individual standard and turn-around stalls throughout gestation as well 
as with group-pens.    
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Chapter 2 
REVIEW OF LITERATURE: IMPACT OF HOUSING TYPE AND MANAGEMENT 
STRATEGY ON THE WELL-BEING OF GESTATING SOWS 
 
A major public issue on a global scale is farm animal welfare.  More specifically, how the 
gestating sow should be accommodated in commercial pork production.  The term “sow 
housing” refers to the accommodating and caring for breeding, gestating, and lactating sows. But 
the sow housing issue refers primarily to keeping pregnant sows during gestation, more 
specifically keeping them in groups or individually.  A notion exists that keeping sows in groups 
is a relatively welfare-friendly practice; however, research suggests that sow welfare can be 
compromised in group-pen systems, as well as individual stall systems (McGlone et al., 2004a; 
Salak-Johnson et al., 2007; CAST 2009).  When assessing the well-being of animals in various 
housing systems often time’s single measures of well-being are used such as behavior, 
performance or physiology, but using a multi-disciplinary approach to assess well-being is more 
beneficial to determine if any housing system, physical component, or management factor does 
truly impact sow welfare. 
Issues and Concerns Regarding the Standard Gestation Stall 
 Housing sows individually has multiple advantages. However; in the 1960s, animal 
activists from the United Kingdom and Northern Europe began to scrutinize the individual 
gestation accommodations because it restricted sow movement (Bäckström, 1973).The standard 
gestation stall was introduced predominantly to reap the following advantages: reduced labor 
costs, more manageable, earlier morbidity detection, and ability to control feed intake (Barnett et 
al., 2001; Estienne and Harper, 2003).  The gestation stall also protects the sow from aggressive 
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encounters that normally occur during regrouping of sows in group-pens, which occurs several 
times throughout a sow’s lifetime (Gonyou, 2005).  In 2000, Barnett et al. (2001) estimated that 
in the U.S.A. 60 to 70% of pregnant sows were kept in individual gestation stalls. 
Despite the advantages associated with the individual gestation stall there are 
disadvantages as well.   Inhibition of natural movement and space restriction are two main issues 
regarding the standard gestation stall. According to Jensen et al. (1995), all animals should be 
provided enough “space” to turn around, lie down, stand-up, stretch limbs and groom.  This is 
commonly known as dynamic space, or the space necessary to make postural adjustments or 
turn-around (Gonyou, 2005).  According to Barnett et al. (1985) and Jensen et al. (1995) 
removing the sow’s ability to walk and turn-around may affect their health, performance, and 
overall well-being. Based on the hypothesis proposed by both Barnett et al. (1985) and Jensen et 
al. (1995) hypotheses, one may conclude that confining sows to a gestation stall inhibits their 
ability to move or turn-around which results in reduced well-being (Anil et al., 2002b). On the 
contrary, Bergeron et al. (1996) found that gilts kept in turn-around stalls perform more 
stereotypic behavior toward drinkers and chains compared with sows in standard gestation stalls, 
thus indicating that stereotypic behavior toward an object may not be due to the lack of 
opportunity to turn around in a gestation stall.  Also, researchers found that decreasing the width 
of the turn-around stall reduces turning around by gilts (McFarlane et al., 1988). Hence, the 
desire or motivation of the sow to turn-around may not be as strong as one may assume.    
 During the past 50 years, rigorous selection pressure to improve meat production has 
ultimately changed the physical body structure of the modern domestic pig (Whittemore, 1994). 
On the other hand, the physical structure used to confine the sow has not changed to 
accommodate her physical changes, and therefore, initiated concerns regarding the dimensions of 
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the gestation stall.  Not only has the sow’s body shape and size changed, but individual animals 
differ in body weight, confirmation, and therefore, in body dimension (Schmidt-Nielsen, 1984); 
Spatial needs also change throughout pregnancy especially because of the rapid growth of the 
midsection of the sow.  McGlone et al. (2004b) found that body size or more specifically body 
depth  of a sow increases based on parity and  stage of gestation; with a 1.2 mm/day increase 
resulting in 127 mm total increase from back to udder  at the end of pregnancy (McGlone et al., 
2004b).  According to Curtis et al. (1989), a sow weighing 250 kg would require a minimum 
crate space of 220.3 cm long, 86.4 cm wide, and 99.0 cm high to be able to lie in sternal or 
partial recumbency and to stand-up and lie down without touching the sides of the crate.  
Overall, when determining a sow’s spatial needs based on her dimensions, behavioral and 
physical needs must also be considered (Brambell, 1965, Petherick, 1983; Curtis, 1987; Anil et 
al., 2002a,b; McGlone et al., 2004b).  To accommodate the contemporary domestic sow, changes 
are needed to accommodate static and dynamic space requirements. 
Stress and Well-being 
   When assessing animal well-being, the term stress is of utmost importance since an 
animal’s stress response is a vital indicator of how the animal perceives its environment and 
therefore should always be used as a tool to measure animal welfare. The concept of stress was 
first described by Claude Bernard (1878) and later referred to as homeostasis (Cannon,1932).  
Bernard, (1878) described this concept as the effort the body makes to maintain a stable internal 
environment to challenges from widely variable environments, which is now known as 
homeostasis.   
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Over a century ago, scientists were having difficulty defining the word “stress”. Today 
there are numerous definitions urbanized by prestigious scientists.  Muir and Birchard (1997) 
defined stress as “to subject to physical or mental discomfort”, while Broom and Johnson (1993) 
termed stress as an environmental effect on an individual that overtaxes its control systems and 
reduces its fitness or seems likely to do so.  Toscano et al. (2003) defined stress as “normal 
deviations from homeostasis, to which the body invokes the sympatho-adrenal (SA) and 
hypothalamic-pituitary-adrenal (HPA) systems to bring itself back to a steady state.  Moberg 
(1980) defined stress as “a complex multi-dimensional phenomenon promoted by several 
noxious or unpredictable stimuli that causes a physiological response aimed to maintain or to 
recover the body homeostasis”.  Curtis (2009) defined stress “resulting from an animal’s failure 
to adapt to challenging environmental conditions – reduces an animal’s fitness.  Unless 
mitigated, stress inevitably will lead to harm to and even the untimely death of that animal”.   
One consistent theme among all of these definitions is that not all types of stressors are 
harmful or result in negative consequences on animal well-being because the type of biological 
response and consequences is also dependent upon the intensity and quality of the stressor.   
There are degradations of stress based on the stressor type and the stress response—understress, 
eustress, and distress.  Understress occurs when animals are kept in barren environments that 
may be deficient in certain key stimuli that may be needed to some extent by the animal, thus 
resulting in a form of psychological stress due to deprivation of needed stimuli (Curtis, 2009).  
Conversely, eustress or often referred to as “good stress” refers to the stimuli causing a tolerable 
or even positive response (von Borrell, 2001; Curtis, 2009).  Sexual behavior and exercise are 
examples of eustress since both stimuli evoke a biological response but the stimulus is perceived 
as a positive stimulus rather than negative.  On the other hand, distress “bad stress” refers to a 
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biological state in which the stress response to a threat has a deleterious effect on the individual’s 
well-being, in which the animal cannot adapt or cope with the perceived threat (stressor) (Hurnik 
et al., 1985; Moberg and Mench, 2000).  For example, Moberg (1987) illustrated the biological 
difference of stress and distress which is shown in the diagram below. 
Pathologic State
Prepathological State
Change in Biological Function
Biological Response
(Behavioral,
Autonomic,
Neuroendocrine
Organization of Biological Defense
Perception of StressorRecognition of threat 
to homeostasis
Stress response
Consequences of stress
Suffering /distress
Threat to well-being
Resources 
diverted
Moberg, 1987
 
In Moberg’s diagram the initiation of a stress response is dependent upon the animal’s 
perception of a perceived threat (stimuli) to its well-being and the animal’s ability to cope or 
adapt to that stimuli via behavioral or physiological responses. The perception of the stimuli and 
the type of stress response initiated is in response to the perceived threat is dependent upon other 
factors including genetic background, previous experience, age, and physiological status of the 
animal as well as type, duration, and intensity of the stressor.  Specifically in gestating sows, her 
physiological status of pregnancy will influence how she perceives environmental, physiological, 
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and social stressors. The gestating sow will try to adapt to these stressors via physiological and 
behavioral responses differently than a non-pregnant sow, gilt, juvenile, or male.  Her ability to 
cope or adapt to these perceived environmental and social stressors are highly dependent on 
previous experience. For example, a gilt and sow have very different previous experiences, 
simply based on pregnancy and therefore, will perceive and cope differently to the stress of 
pregnancy by making other physiological and behavioral adaptations. Therefore using both 
physiology and behavior can allow a scientist to determine if an animal is coping or adapting to a 
perceived stimuli, but assessing performance and productivity can help determine if that animal 
is not able to cope or adapt to the same perceived stimuli which would indicate a pre-
pathological or even pathological state of reduced well-being or distress. Therefore, using the 
most multi-disciplinary approach is vital when determining an animal’s state-of-being.  
Short term stress responses can be used to determine the animal’s ability to adapt or cope 
to an acute stressor since the short and long term stress responses influence one another (Trevisi 
and Bertoni).  Short term stress or “acute stress” occurs consequently to a short-lived negative 
situation that allows a quick and complete recovery; thus complete adaptation occurs. Assessing 
the duration an animal can adapt to a short term stress response is good indication of the animals 
overall state-of-being (Trevisi and Bertoni, 2009). The first and most obvious biological response 
that an animal makes to an acute stress is by a behavioral response, typically orientation 
reactions (Sokolov, 1960; Broom and Johnson, 1993).  These orientation reactions are not always 
indicative of a problem, but typically are followed by startle responses that initiate fight or flight 
reactions. Other indicators of an acute stress response are reduced levels of feed and water intake 
and activity.  These behaviors are the most obvious response to an animal’s ability to cope to an 
acute stressor and therefore are good indicators of animal well-being and should always be 
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considered when assessing animal welfare. However, behavioral indications are also scrutinized 
because they are subjective and highly variable.  
Another method that is commonly used to assess short-term responses in regards to 
assessing animal well-being is physiological measures.  During an acute stressor multiple 
physiological responses may occur to help the animal cope in the short-term.  Physiological 
changes that may be measured include change in heart rate, ventilation rate, adrenal function and 
brain chemistry (Fraser and Broom, 1997).  There are multiple studies across species that 
indicate heart rate will increase in response to visual and physical human interaction (Stephens 
and Toner, 1975; van Putten and Elshof, 1978; Duncan and Filshie, 1979; Trevisi and Bertoni, 
2009). Similar physiological measures to heart rate are respiratory rate and body temperature.  
All of these physiological measures together, as well as, behavioral measures can help determine 
an animal’s state-of-being.  
Stress is also known to impact the immune system (Salak-Johnson and McGlone, 2007).  
Acute stressors can causes an increase in percentage of neutrophils and a decrease in 
lymphocytes, resulting in a change in the neutrophil-to-lymphocyte ratio, which is a classical 
measure of acute stress. Both physical and psychological stressors can cause suppression in T- 
and B- lymphocytes counts, natural killer cell cytotoxicity, cytokine production, and both 
neutrophil chemotaxis and phagocytosis function (von Borrell, 2001; Rhodes et al., 2005).  
Assessing both innate and acquired immune responses is essential to fully understanding the 
impact of various stressors on animal well-being. Thus, using all biological indicators of an acute 
stress response (behavior, physiology, endocrine, and immune status) are essential to 
determining an animal’s state-of-being.   Utilizing only 1 or 2 of these factors or measures can 
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leave out vital information regarding the health and welfare of an animal and lead one to falsely 
determine an animal’s state-of-being or ability to cope to a stressor. 
 Assessing long-term stress is commonly used when determining if environmental 
conditions are influencing animal well-being.  Long-term or chronic stressors occur when the 
body perceives so many stressors or repeated acute stress that the autonomic nervous system 
does not have a chance to reach homeostasis. Following ongoing physiological acute stress 
responses that were discussed previously will cease and different responses will be initiated in 
attempt to cope (Broom and Johnson, 1993; Fraser and Broom, 1997; Trevisi and Bertoni, 2009).  
During chronic stress there is an overexposure to stress hormones that may results in an allostatic 
overload, which is biological costly hence altering biological function of the animal (McEwan, 
1998; Moberg and Mench, 2000; Trevisi and Bertoni, 2009).  In this situation the animal has 
failed to adapt or is experiencing maladaptation.    Chronic stress is a condition of maladaptation 
that can be associated with a direct reduction in the level of well-being and therefore is crucial in 
determining animal welfare.   
Reproductive performance is often used to assess chronic stress among breeding animals. 
Reproductive performance is one measurement used to compare the well-being of animals in 
different housing conditions, although environmental conditions must be poor before 
reproduction efficiency is negatively affected (Sapolsky et al., 2000; Broom and Johnson, 1993; 
Fraser and Broom, 1997).  Most common stressors that impact reproductive performance are 
environmental stressors, food deprivation, and social hierarchy.   More specifically, lower-
ranking sows may suffer reproductive performance due to the natural hierarchy and aggression 
that occurs with dominant animals. Higher-ranking sows may attack submissive sows resulting 
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in abnormal behavioral estrus.  This results in reduced fitness due to failure to breed (Broom and 
Johnson, 1993; Fraser and Broom, 1997; Dobson et al., 2001). 
 Changes in body weight and reduced growth rate is commonly seen when an animal is 
experiencing chronic stress and is indicative of reduced well-being (Broom and Johnson, 1993; 
Trevisi and Bertoni, 2009). Some authors believe that the only way to assess chronic stress is 
by measuring hormone profiles continuously (Ladewig and Wilson, 1989; von Borell, 2001).  A 
continuing response from the cortex indicates that the stressor is not subsiding, however the 
decline in glucocorticoids does not indicate the perceived stressor is no longer there (Broom and 
Johnson, 1993).   High levels of cortisol seem to be maintained when there is a failure to restore 
homeostasis or after repeated stress. Chronic elevated levels of cortisol have a direct influence on 
the immune status and can cause immunological shifts to occur. This can also lead to suppression 
of the immune system while increasing disease susceptibility, which in turn causes a reduction in 
animal well-being (Salak-Johnson and McGlone, 2007; Trevisi and Bertoni, 2009). In general, 
chronic stress most often results in suppression of some aspects of the immune system.     
 Behavioral measures are often used to assess the effects of chronic stress (Broom and 
Johnson, 1993) since behavior can serve as an interface between an animal and the environment 
in which it is kept, and this interaction is influenced by internal and external factors.   Typically 
abnormal or deleterious behaviors are used as indicators of poor welfare or the inability of an 
animal to cope with its’ environment (Gonyou, 1994). An abnormal behavior may be a coping 
mechanism for an animal, but it could still be indicative that the animal’s welfare is poorer than 
that of an animal not expressing abnormal behaviors (Broom, 1991; Fraser, 2008).     
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 The most common abnormal behavior used to assess sow well-being in certain 
environments is stereotypies.  Stereotypies are repetitive, relatively invariable sequences of 
apparently nonfunctional behaviors that may indicate reduced state-of-being (Mason, 1993; 
Broom and Fraser, 2007; CAST, 2009).    Some scientists believe that solely assessing 
stereotypic behavior gives reliable information on the inadequacy of the animal’s environment, 
however, numerous researchers believe that measuring behavior is subjective, and thus, should 
be corroborated with other objective physiological traits.  For gestating sows, two stereotypic 
behaviors commonly used to assess well-being are oral-nasal-facial (ONF) or sham-chewing 
behaviors. Oral-nasal-facial behavior is defined as manipulating any inanimate object with the 
mouth, nose, or facial area (Widowski and Curtis, 1989), while sham-chewing is defined as 
continuous chewing motion in the absence of feed or substrate in the mouth  (de Leeuw, 2004).  
Broom and Johnson (1993) believe that repetitive or stereotypic behavior is the most important 
indicator of long-term welfare problems.  However, determining if a repetitive movement truly 
serves a purpose or not is very difficult to detect; whilst a single movement may be part of a 
normal functional system, such as eating and drinking will occur in repetitive sequences (Broom 
and Johnson, 1993; Broom and Fraser, 2007).  The animal’s motivation to perform a repetitive 
behavior is highly influenced by the physical components of its environment (e.g., soil or bar 
direction). For example, if a sow is in a barren environment, or only vertical bars on the penning 
is available, she may perform an alternative behavior, such as sham-chewing.  
 Impact of Alternative Housing Systems on Sow Well-being 
 According to Curtis (2007), “we cannot manage what we cannot measure; we can 
directly, objectively measure productive and reproductive performance but not feelings”.  Feed 
conversion efficiency, variations in performance, morbidity, culling rate, mortality, body weight 
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(BW), body condition score (BCS), back-fat depth (BF), and farrowing rate are often used to 
assess sow well-being.  These measures are considered to be the most objective measure to 
accurately assess animal state-of-being (Curtis and Johnson, 2005; Curtis, 2007). For example, 
Lammers et al. (2007) found that at d 110 of gestation and at weaning, sows kept in outdoor 
hoop structure, had greater BW and BF depth than sows housed in stalls. Conversely, sows kept 
in pens equipped with electronic sow feeding system (ESF) had greater BF depth loss during the 
lactation period compared to sows kept in stalls (Backus et al., 1997). Backus et al., (1997) found 
that sows kept in a free-access stall system had greater BW at the end of gestation than sows kept 
in either pens equipped with an ESF system or trickle-feeding system or individual stalls. Sows 
housed in pens with ESF had greater BF depth than sows kept in either pens with trickle feeding 
system or free access stall/pen kept sows or individually kept sows.  Estienne and Harper (2010) 
found that sows kept in individual stalls had greater BW at weaning and average daily feed 
intake (ADFI) during lactation than sows housed in group-pens. Salak-Johnson et al. (2007) 
reported that sows kept in standard gestation stalls had greater BCS than did sows in group-pens; 
while sows kept in group-pens had greater BW throughout gestation than sows kept in standard 
gestation stalls. Despite being statistically different, overall both sow BCS and BW were within 
an acceptable range based on industry standard (McGlone and Pond, 2003; Salak-Johnson et al., 
2007).  Zurbrigg (2006) indicated that BCS not only can be used to assess well-being, but BCS is 
also correlated with skin lesion score. Zurbrigg  (2006)found that sows with a BCS of < 3 are 
nearly 4X more likely to have shoulder lesions than those sows with BCS ≥3.  Sow body or skin 
lesions sores are used to assess sow welfare since lesions are indicative of aggression. Turner et 
al. (2006; 2007) reported that the body location of skin lesions may be used as a predictor of 
individual aggressiveness, with more aggression being associated with higher incidence of 
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lesions on neck and shoulders of the animal. Incidence of vulva biting, ear chewing, and overall 
aggression is increased among sows kept in pens with an ESF with majority of the aggression 
occurring around feeding system (Sherwin, 1990; van Putten and Burgwal, 1990).  McGlone 
(2006) reported that sows kept in a Swedish deep-bedded system had extensive wounds or 
lesions from fighting, riding, and aggressive activities.   In fact, 46% of these sows had severe 
wounds and all sows had lesions. In the U.S., the incidence of mild wounds is less than 5% with 
an occasional severe wound (McGlone, 2006).    Sows kept in group-pens with ESF system and 
floor-fed at a floor-space allowance of 1.4m
2
 per sow have been reported to have increased 
musculo-skeletal injuries, lacerations, and abrasions in pregnant sows compared with sows kept 
in individual stalls (Durrell, 2000; Salak-Johnson et al., 2007).   
 Mortality and culling rates among gestating sows is one of the most obvious indicators 
that there is a lack of ability to cope with a housing system that is causing chronic distress.  In 
Australia, a comparison study between sows kept in standard gestation stalls or group-pens, 
showed that the culling rate was less for sows kept in group-pens (Paterson et al., 1997).  
Chapinal (2006) reported that sows kept in pens with an alternative form of an un-protected ESF 
system, that exposes the sow to con-specifics while eating, were more likely to be culled or 
removed due to sudden death, non-pregnant, aborted pregnancy, and failure to learn to use the 
ESF system than sows kept in group-pens with a trickle feeding system or an individual stall.  
However, among indoor housing systems there is little if any variation in mortality and culling 
rates; however, when comparing outdoor and indoor systems in the US and Canada, results have 
shown that annual sow mortality rates average is < 10% for indoor systems.      
Reproductive traits are among the most common welfare measures used to assess the 
well-being of sows in alternative housing systems.    In a review on sow housing, McGlone et al. 
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(2004a) concluded that sows kept in individual systems have greater or equal productivity 
compared with group-kept sows.  According to Backus et al. (1997), the wean-to-estrus interval 
was shorter for sows kept in a free-access system than for sows kept in group-pens. However, 
Langendijk et al. (2000) reported no difference in the wean-to-estrus interval between sows 
housed in individual systems and group-pens.  While in alternative group-pen system, Backus et 
al. (1997) also found no significant differences in number of piglets born alive amongst sows 
kept in individual stalls, ESF systems, free-access stall/pens, or trickle feeding group-pens.  
However, when comparing piglets born alive by sows kept in group-pens, individual stalls, or 
tethers, number of piglets born alive was less for sows kept in tethers than for sows kept in 
group-pens or individual stalls (Den Hartog et al., 1993). Estienne and Harper (2010) reported 
sows kept in individual stalls farrow more piglets born alive than sows in group-pens.  According 
to Schmidt et al. (1985) penning sows in groups post-breeding result in a 50% reduction in early 
pregnancy losses compared to sows kept in individual stalls.  When comparing birth weights of 
piglets from sows kept in alternative systems such as ESF’s, free-access stalls/pens, trickle-
feeding pens, and then the individual stall, Den Hartog et al. (1993) and Backus et al. (1997) 
reported sows kept in ESF farrowed piglets with lower birth weight compared with litters from 
sows in all other systems.  On the other hand, tethered sows produced heavier piglets than sows 
kept in individual stalls (McGlone et al., 1994).  
 Suppression of the immune system is one way to measure the well-being of animals since 
chronic stress negatively impacts the immune response (Salak-Johnson and McGlone, 2007; 
Trevisi and Bertoni, 2009).  Another way to assess well-being is through endocrinology, but 
more specifically ACTH, CRF, and cortisol.  An increase in circulating cortisol concentrations is 
the classic sign of an acute stress response and is therefore the most prominent physiological 
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parameter used to measure farm animal welfare (Selye, 1976; Terlouw et al., 1997).    
Glucocorticoids directly influence the immune response as well, therefore assessing both 
endocrine and immune responses can give a researcher the most conclusive findings when 
determining animal well-being. 
 Cortisol concentration was found to be less for sows in stalls and turn-around stalls than 
sows kept in tethers (Barnett et al., 1985, 1987, 1989; Janssens et al., 1995a,b).  Sows kept in an 
individual stall and provided wood shaving substrate had lower salivary cortisol concentrations 
than sows without any substrate (de Leeuw et al., 2003). Bergeron et al. (1996) found that 
cortisol concentration was greater in sows kept in an individual straight stall than sows kept in an 
individual turn-around stall. Conversely, Friend et al. (1988) found no difference in basal cortisol 
concentration from sows kept in tethers, stalls, loose stalls with pens, or group-pens on a dirt-lot.  
However, Geverink et al. (2004) found that gilts kept in group-pens had greater cortisol 
concentrations than gilts kept in individual stalls. Conversely, elevated plasma cortisol levels 
were found in crated sows during the pre-parturient period than sows kept in groups (Jarvis et al., 
2001).  While others reported no difference in cortisol concentrations between sows kept in stalls 
vs. group-pens (von Borrell et al., 1992; Tsuma et al., 1996; Zanella et al., 1998; Pol et al., 2001; 
Salak-Johnson et al., forthcoming). 
  Sows kept outdoors in groups had greater serum cortisol concentrations after an ACTH 
administration and remained high compared to confined (indoor) sows (Rampacek et al., 1984). 
von Borell et al. (1992) reported similar cortisol concentrations in sows kept in either the Hurnik-
Morris system vs. the individual stall.   Sows in ESF system had greater salivary cortisol 
concentration 1 day after mixing than 2 weeks after mixing (Anil et al., 2006).  Most research to 
date indicates that stress hormones, such as cortisol, are similar for sows kept in individual stalls 
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and in alternative group-pen systems.  Few studies have shown an impact of housing systems on 
sow immune status.    Neutrophil-to-lymphocyte ratio and antibody production were similar 
amongst sows kept in stalls, compared to sows kept in tethers and group-pens (von Borell et al., 
1992; McGlone et al., 1994; Broom et al., 1995).  When comparing sows kept in either tether 
systems or individual stalls, McGlone et al. (1994) found no differences in natural killer cell 
activity, leukocyte populations, or antibody response.   Friend et al. (1988) reported no difference 
in percentage of lymphocytes amongst sows kept in tethers, stalls, loose stalls, or on a dirt-lot 
after being placed into respective treatments, however, 65 days later, sows kept on dirt-lot had 
greater percentage of lymphocytes than sows kept in individual stalls. According to Bergeron et 
al. (1996) there was no difference in neutrophil-to-lymphocyte ratio among sows kept in a turn-
around stall and a standard stall.  However, Salak-Johnson et al. (forthcoming) reported an 
increase in neutrophil-to-lymphocyte ratio among sows kept in individual stalls compared to 
sows in group-pen at  3.3 m
2
/of floor-space and floor-fed. Geverink et al. (2004) reported no 
difference in conconavalin-A and keyhole limpet hemocyanin (KLH) lymphocyte proliferation, 
total immunoglobulin (Ig), immunoglobulin G (IgG), and immunoglobulin M (IgM) antibody 
titers against KLH among sows kept in group-pens and individual stalls.  Sows kept in a group-
pen at a floor-space allowance of 1.4 m
2
 had greater natural killer cell cytotoxicity than sows 
kept in standard stalls (Salak-Johnson et al., forthcoming) 
 Sow comfort while in the standard gestation stall was another issue that needed to be 
addressed when considering alternative systems. The gestation stall confines the sow and 
restricts walking and turning which is believed to have a negative impact on sow welfare 
(Barnett et al., 1985; Jensen et al., 1995; Rhodes et al., 2005). Therefore, observing sow posture 
such as standing, lying, and sitting may be reflective of sow comfort (CAST, 2009).  A study by 
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Jarvis et al. (2001) indicated that sows kept in individual stalls changed posture more (P < 0.05) 
often than sows in group-pen systems. Anil et al. (2002b) hypothesized that the amount of space 
within an individual stall influences postural changes such that the more space the sow has the 
more likely she will make postural changes.   Cariolet et al. (1997) reported that increase space 
allowance within an individual stall will lead to an increase in amount of time sow will lay in full 
lateral recumbency. According to Salak-Johnson et al. (forthcoming) sows kept in individual 
stalls spent more time sitting and less time lying than sows kept in group-pens.  Chapinal (2006) 
reported that sows kept in a group-pen with an unprotected ESF spent more time resting 
compared to sows that were kept in group-pens with trickle feeder or individual stalls. In the 
Hurnik-Morris system, which is a partially bedded group-pen with a separate electronic feeder, 
sows  spent less time laying in sternal recumbency than did sows kept in individual stalls (Morris 
et al., 1993). Johnson et al. (2001) reported that sows kept outdoors on a paddock spent more 
time standing and walking, and less time lying than sows kept indoors in individual stalls.   
A study by McFarlane et al. (1988) focused on the motivation of gilts to turn, by using an 
individual stall fitted with swinging side gates, enabling sows the ability to turn-around.  They 
found that gilts will turn-around more frequently the easier it is to turn-around; however, they 
turn-around less when more physical effort was required to turn. These results indicate that 
allowing sows to turn-around may not be a strong behavioral need of sows, or their motivation to 
turn around is lacking.   
Sow motivation plays a vital role in behavior and can also directly influence well-being, 
and feeding motivation is one of the highest levels of needs or wants a gestating sow will 
encounter. If sows were fed ad libitum, they tend to become obese and experience related health 
and reproductive problems associated with obesity, which is a welfare issue. However, other 
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welfare problems affecting gestating sows may also be related to feeding limited amounts of 
concentrated diets.  Limit fed sows remain hungry for much of the day (de Leeuw, 2004; Rhodes 
et al., 2005). Limiting feed rations is necessary to improve the health of the pregnant sow, 
however it also intensifies competition among group kept sows which leads to aggression and 
uneven feed intake resulting in variation in BW (CAST, 2009).  Therefore, alternative methods 
of housing or feeding systems have been developed to reduce aggression and maintain herd 
uniformity. Some of these techniques include trickle-feeding (Hulbert and McGlone, 2006), 
ESF’s (Edwards and Riley, 1986), and the Hurnik-Morris system (Morris and Hurnik, 1990).   
Among these alternative systems, assessing eating and drinking behaviors, as well as 
aggression can help determine if competition can be reduced while maintaining the natural 
sequence of maintenance behaviors.  When comparing a group system like the Hurnik-Morris 
system to an individual stall, sow eating behavior was not influenced, while drinking percentage 
was greater in the Hurnik-Morris system.  Backus et al. (1997) reported that sows kept in ESF 
systems consumed less feed (kg/day) than sows kept in individual stalls, free-access stalls/pen, 
and trickle feeding group-pens. Gilts on the other hand, consumed more feed (kg/day) when kept 
in the free-access stalls/pen and trickle feeding group-pen than when kept in individual stalls and 
ESF systems.  Conversely, when assessing water usage (liter/sow/day) Backus et al. (1997) 
reported no significant differences amongst the four housing systems assessed (ESF, trickle 
feeder group-pen, free-access stall/pen).  Salak-Johnson et al. (forthcoming) reported no 
significant differences of eating frequency amongst sows kept in group-pens and individual 
stalls, but sows kept in individual stalls had a greater drinking frequency than sows kept in 
group-pen systems.  
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Within an ESF group-pen system it was reported that most sows will eat the full daily 
ration of feed in the first visit to the feeder. However, if feeding is more frequent throughout the 
day, the number of visits to the feeder will increase, causing greater occupancy of the feeder 
itself resulting in more aggression (Edwards, 1985; Edwards and Riley, 1986; Jensen et al. 
1995).  Anil et al. (2005) assessed ESF systems with static, dynamic, and twice mixed grouping 
methods. Those researchers found that queing behavior, or waiting to feed, was more frequent 
amongst sows in twice mixed groups than sows in dynamic or static groups within ESF systems.  
An alternative to the ESF was studied by Chapinal et al. (2008), in which an unprotected ESF 
was the main focus. Results indicate that there was a relatively stable, quickly, established and 
maintained feeder order that was highly correlated with dominance rank when using the 
unprotected ESF system.   
When trying to assess aggression in gestating sows, Hoofs, (1990) reported that when 
measuring aggression and feed remaining with multiple feed dispensing speeds when sows were 
kept in group-pens that aggressive encounters are most often displayed during feeding and 
mixing of sows.  Hoofs et al. (1990) measured the effect of feed delivery speed on aggressive 
interactions they found that more aggressive interactions occurred when feed was at < 80 g/min 
(slow rate), but more feed remained when feed was dispensed at161-180 g/min (fastest rate).   
Aggression is often observed during mixing of unfamiliar sows and fighting amongst sows and 
social stress are considerably greater in group-housed sows than individually stalled sows 
(CAST, 2009).  Sows in group-pens when floor-fed had more vulva lesions than sows fed ad 
libitum in group-pens (Edwards et al., 1993).  Moreover, Weber et al. (1993) reported more 
aggression and injuries of sows kept in group-pens equipped with ESF system compared with 
sows kept in other group-pen systems. Also, McGlone (2006) reported significant amount of 
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fighting in Swedish deep-bedded group systems after weaning.  Conversely, Anil et al. (2006) 
reported no difference in frequency of aggressive interactions amongst sows kept in pens 
equipped with ESF whether managed as dynamic, static, or twice mixed groups.   Chapinal et al. 
(2010) compared the impact of an unprotected ESF system with a trickle feeding system on sow 
aggression; frequency of aggression was greater for sows kept in the unprotected ESF system 
than sows kept in the trickle feeding system with most aggressive encounters occurring around 
the unprotected ESF feeder, while within trickle feeding system most sow aggression occurred in 
resting area. Aggression encounters have been reported in all types of housing systems, but 
overall aggression occurs more frequently and is more severe in group systems when unfamiliar 
animals are mixed and limit fed throughout gestation (Rhodes et al., 2005). 
In gestating sows, stereotypic behavior such as bar-biting has been associated with a lack 
of oral satisfaction (Lawrence and Terlouw, 1993), and barren environments (Whittaker et al. 
1998).  Moreover, many have theorized that limit feed sows results in an increase in repetitive 
behavior (e.g., bar-biting) due to the inability to forage (de Leeuw, 2004), while other data 
suggests that stereotypies are influenced solely by substrate availability, such as bars (McGlone 
et al., 2004a).  Furthermore, a study by Dailey and McGlone (1997) found no difference in ONF 
behavior among gestating sows that were kept in three different housing environments (outdoor 
on soil, outdoor on pasture, or indoor in stalls). These different environments have significant 
differences regarding substrate, temperature, and space allowance indicating that gestating sows 
may be highly motivated to perform ONF behaviors regardless of the keeping system (McGlone 
et al., 2004a). According to Den Hartog et al. (1993) no difference in stereotypic behavior was 
found between sows kept in girth-tethers or standard stalls. Furthermore, Gevernik et al. (2003) 
reported no difference in stereotypic behavior between sows kept in either group-pens or 
26 
 
individual stalls. Anil et al. (2006) reported no significant difference of stereotypic behavior 
performed by sows within an ESF system that were kept static, twice mixed, or dynamic. 
Conversely, sows kept in tethers or stalls performed more stereotypic behavior than sows 
kept in group-pens (Vieulle-Thomas et al., 1995).  Blackshaw and McVeigh (1984) reported 
similar results, sows kept in stalls and neck-tethers performed more ONF behavior pre- and post-
feeding than did sows kept in pens.  Moreover, McGlone et al. (1994) reported that sows kept in 
stalls performed more ONF behaviors than did sows in girth tethers.   Assessing stereotypies in 
alternative group systems, Backus et al. (1997) reported that sows kept in the standard stall 
performed more oral activity than any of the three alternative group systems (ESF, trickle feeder 
group-pen, free-access stall/pen) studied after eating. Sows kept in an alternative system, such as 
the Hurnik-Morris system, performed significantly less stereotypic behavior than sows kept in 
stalls (Morris et al., 1993). 
However, within the alternative group-pens, sows in the ESF system performed the least 
amount of oral activity compared to sows in the trickle feeder group-pen or the free-access 
stall/pen.  While, sows kept in turn-around stalls performed more chain manipulating and ONF 
behaviors than did sows kept in standard stalls (Bergeron et al., 1996). Overall stereotypic 
behavior has been shown to differ among housing systems, whether individual or group-pen 
systems; however, it cannot be concluded that it is the housing system itself that is causing this 
variation.  It often seems that it is the physical components (i.e., vertical or horizontal bars, 
substrate present) within each system that influence stereotypic behavior (Daily and McGlone, 
1997; McGlone et al., 2004a; Salak-Johnson, 2007). 
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Impact of Dietary Fiber on Sow Well-being 
 Based on scientific evidence, a gestating sow is feed restricted at a rate of one-third of her 
voluntary feed intake to improve health, productivity, and longevity (Close and Cole, 2000; 
Lewis and Southern, 2001; Whittemore, 2006).  One method to reduce aggression is ad libitum 
feeding which is known to reduce competition during feeding; however, ad libitum feeding tends 
to lead to greater fat deposition resulting in obesity, which reduces sow well-being (Zoiopoulos 
et al., 1983; Brouns et al., 1995; Jones, 1998; Kirkden and Pajor, 2006).  It has been 
hypothesized that feeding high-fiber diets to sows during gestation may improve sow welfare by 
increasing gut-fill. High-fiber sources, such as soy hulls, wheat middlings, alfalfa and beat pulp 
have been added to gestation diets in an attempt to reduce hunger, aggression, and stereotypies 
while maintaining daily energy intake (Holt et al., 2006).  According to Ramonet et al. (1999) 
sows fed a high-fiber diet gain more BW compared with sows fed a low-fiber diet. Conversely, 
Holt et al. (2006) found that sows fed a high-fiber diet gained less BW and less BF depth than 
sows fed a control diet.  However, sows fed the high-fiber diet had a greater ADFI than sows fed 
control diet (Holt et al., 2006), while Robert et al. (2000) reported no differences in sow BW and 
BF depth between sows fed a high-fiber diet or concentrated diet. Furthermore, sows fed high-
fiber diet produced feces that weighed more than sows fed the concentrated diet.  Quesnel and 
colleagues (2009) also reported no difference in BW and BF depth between sows fed fiber diet or 
control diet, but ADFI was affected with sows being fed having greater ADFI. Veum et al. 
(2009) found similar results among sows fed 5% alfalfa; with those sows gaining more BW than 
sows fed 50% or 95% alfalfa. In fact, sows fed 95% alfalfa ration had lowest BW during late 
gestation and lactation than all other treatment groups (Calvert et al., 1985).  McGlone and 
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Fullwood (2001) found that gilts fed a high-fiber diet had greater pre-farrowing and weaning 
weights than sows fed a control diet.   
 McGlone and Fullwood (2001) found no difference in litter productivity between sows 
fed high-fiber or control diet.   Sows fed 95% alfalfa produced piglets with less live BW and 
weaning weight than piglets from sows fed either 5% or 50% (Calvert et al., 1985). Conversely, 
Quesnel et al. (2009) reported that sows fed high-fiber diets produced offspring with greater litter 
weaning weights and ADG than did sows that were fed control diet.  Veum and colleagues 
(2009) found that sows fed a diet containing wheat straw weaned more pigs per litter for 2 
farrowings than did sows fed a control diet.  Holt and colleagues (2006) reported that sows fed a 
high-fiber diet produced significantly smaller litters and less piglets born alive than sows fed 
control diet.   
 McGlone and Fullwood (2001) reported that sham-chewing was greater for gilts kept 
outdoors and fed a high-fiber diet.  Conversely, when sows were fed low level of fiber, non-
feeding oral activities were greater for these sows 1-h prior to feeding compared with sows fed 
medium-high levels of fiber (Ramonet et al., 1999).  Lactating sows fed a high-fiber diet 
displayed less manipulation behavior of a chain compared to sows fed a more traditional corn-
based diet (Robert et al., 1997).  Addition of fiber to a diet has been found to influence endocrine 
and immune measures.  McGlone and Fullwood (2001) found that sows fed a high-fiber diet had 
a greater white blood cell (WBC) count than sows fed control diet.  Quesnel et al. (2009) 
reported that the pre-partal increase in prolactin concentration tended to be greater in sows fed 
the high-fiber diet than sows fed control diet. Also, sows fed high-fiber diet during gestation also 
had less leptin concentration than sows fed control diet prior to farrowing, whereas leptin 
concentration were similar during lactation.  Moreover, sows fed high-fiber diet during gestation 
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had significantly less mean plasma concentration of α-amino nitrogen in late gestation than did 
sows fed control diet.  Farmer et al. (2002) reported no difference in cortisol, insulin, or glucose 
concentrations between sows fed high-fiber or control diet.  No differences in cortisol 
concentration have been reported between sows fed high-fiber or control diets during gestation 
(McGlone and Fullwood, 2001; Holt et al. 2006). 
 
Impact of Floor-space Allowance on Group Kept Sow Well-being  
 When considering group-pens as an alternative keeping system for gestating sows there 
are multiple factors that must be considered before implementation.  Floor-space allowance is a 
vital component since the amount of floor-space allowance per animal and group size can impact 
performance and productivity, behavior, and other physiological responses.  Salak-Johnson et al. 
(2007a) reported that sows kept in group-pens at floor-spaces of 2.3 or 3.3 m
2
/sow had greater 
BW and BCS than sows kept at 1.4 m
2
/sow.  Back-fat depth was greater for sows kept in group-
pens at 2.3 m
2
 of floor-space per sow compared with sows kept at either 1.4 or 3.3 m
2
/sow, while 
sows kept at 3.3 m
2
/sow had greater BF depth than sows kept at1.4 m
2
/sow of floor-space.  Mack 
et al. (2010) reported that when sows were kept in a free-access system (stall and pen area) with 
an alley width of 0.91 m, sows had greater BF depth than did sows kept in this system with an 
alley width of  2.13 m.  Conversely, Mack et al. (2010) reported no differences in BW or BCS 
for sows kept in free-access system at either alley width.  As for litter productivity traits, most 
data indicate minimal if any effects; Salak-Johnson et al. (2007a) reported no difference in birth 
weight, number born alive, number weaned, and piglet BW gain amongst sows kept in group-
pens at floor-space allowances of 1.4 m
2
/sow, 2.3 m
2
/sow, or 3.3 m
2
/sow.  However, litter size 
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was influenced by floor-space allowance, with those sows kept in pens at 3.3 m
2
/sow produced 
larger litter sizes than did those sows kept at either 1.4 m
2
/sow or 2.3 m
2
/sow.    
 Floor-space allowance within a group-pen may affect incidence of skin lesions in 
gestating sows.   Weng et al. (1998) reported that sows kept in pens at 2.0 m
2
/sow of floor-space 
had greater total lesion score than sows kept in group-pens at 2.4, 3.6, or 4.8 m
2
/sow of floor-
space.  This was similar not only for total lesions, but for specific locations of lesions on the 
face, ears, neck, shoulders, central body, udder, rump, rail, and vulva being greater amongst sows 
kept at 2.0 m
2 
than the larger floor-space allowances.   Salak-Johnson et al. (2007a) reported as 
floor-space allowance decreased, lesion score significantly increased especially on shoulders, 
rear, and hind legs within first 2-wk after mixing and  similar results were found 2-wk after 
mixing and till lactation for  lesion scores at head, ears, neck, shoulders, back, and rear. 
However, De Koning (1985) found no difference in lesion scores between groups of sows kept at 
various floor-space allowances of: < 2.5, 2.5-5.0, or > 5.0 m
2
/sow. 
 Limited data exist on the impact of floor-space allowance on behavior of gestation sows.   
Weng et al. (1998) reported that time spent rooting increased as floor-space allowance increased.  
Salak-Johnson et al. (forthcoming) reported that sows kept at 2.3 m
2
/sow of floor-space 
performed more ONF, directed towards the floor than did those sows kept at 1.4 or 3.3 m
2
/sow.  
Conversely sows kept at 1.4 and 3.3 m
2
/sow performed more bouts of sham-chew behavior than 
sows kept at 2.3 m
2
/sow. Sows kept at either 1.4 m
2
/sow walked and stood less than sows kept at 
2.3 m
2
/sow. According to Weng et al. (1998) the total number of social interactions and 
aggressive behaviors amongst sows at various floor-space allowances increased as floor-space 
allowance decreased.  Social interactions such as: head-to-head, head-to-body-with-bite, nose-to-
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body, nose-to genital, and head-tilt were all further reduced at the greatest floor-space allowance 
(Weng et al., 1998). 
 Very few studies have measured the physiological stress response of sows kept in various 
floor-space allowances.  However, Salak-Johnson et al. (forthcoming) reported as floor-space 
decreased in group-pens, percentage of neutrophils increased.  Thus, there was a tendency for the 
neutrophil-to-lymphocyte ratio to respond in linear fashion; with sows kept in pens at 1.4 m
2
/sow 
floor-space tended to have greater neutrophil-to-lymphocyte ratio than did sows kept at 3.3 
m
2
/sow.  In general, as floor-space allowance decreased, the neutrophil-to-lymphocyte ratio 
increased.  Mack et al. (2010) reported an increase in neutrophil percentage amongst sows kept 
in a free-access system with a 0.91 m wide alleyway compared to sows kept in free-access 
system with a 3.05 m wide alleyway. 
 Alternative housing systems, management techniques, and feeding strategies do impact 
the pregnant sow’s state-of-being. However, not one system, technique, feeding method or 
combination has been developed that the scientific community agrees upon. Therefore, the main 
objective of this dissertation is to determine, which system truly improves the well-being of the 
gestating sow using a multi-disciplinary approach. 
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Chapter 3. 
DIETARY FIBER AND FLOOR-SPACE ALLOWANCE AFFECT THE WELL-BEING 
OF GROUP-KEPT GESTATING SOWS  
 
ABSTRACT: The most critical issue facing the swine industry is how the dry sow should be 
kept in commercial pork production. The objectives of this study were to evaluate the effects of 
feeding dietary fiber to gestating sows kept in group-pens at different floor-space allowances on 
sow well-being. Multiparous sows (n = 221) were allotted to dietary treatment of either a 
standard diet (control) or standard diet supplemented with fiber (treatment) and a floor-space 
allowance treatment of either 1.7 m
2
 or 2.3 m
2
 of floor-space/sow while keeping group size 
constant (10 sows/pen). Sow body weight (BW), back-fat (BF), and body condition score (BCS) were 
recorded on d 34, 65, 90, and 110 of gestation. Lesion scores were recorded on d 34 of gestation, every 2 
d for the first 2-wk (phase 1), and then bi-weekly basis throughout gestation (phase 2). Blood samples 
were collected on d 34 and 90 of gestation. Sow behavior was recorded and registered for 10 h 
on d 37, 44, 76, 90 and 104 of gestation. Data were analyzed using Proc MIXED with repeated 
measures (SAS). There were diet × floor-space interactions for welfare measures including 
performance, productivity, behavior and immune status. Live litter weight, number piglets 
weaned, and litter wean weight were greatest (P < 0.05) for piglets born to sows kept at 1.7 m
2
 of 
floor-space and fed high-fiber diet compared with piglets from sows kept at 2.3 m
2
 floor-space 
and fed high-fiber diet. Frequency of oral-nasal-facial (ONF) and sham-chew behaviors were 
less (P < 0.05) for sows kept in pens at 1.7 m
2 
and fed high-fiber diet compared to sows kept at 
same floor-space and fed control diet. Diet affected sow well-being (P < 0.05).  Both sow BCS 
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(P < 0.10), and BF depth (P < 0.05) were greater for sows fed a high-fiber diet compared with 
sows fed control diet. Sows fed high-fiber diet had greater (P < 0.05) lymphocyte proliferation 
than did sows fed control diet; however, neutrophil phagocytosis was greater (P < 0.05) for sows 
fed control diet. Frequency of eat bouts was greater (P < 0.05) for sows fed high-fiber compared 
with sows fed control diet. As for floor-space allowance, skin lesion severity scores were greater 
(P < 0.05) for sows kept in group-pens at 1.7 m
2
 compared with sows at 2.3 m
2
 of floor-space. 
Results reported herein indicate that keeping sows in a group-pen system of 10 sows with floor-
space allowance of 1.7 m
2
 per sow and feeding a high-fiber diet using floor-feeding method can 
improve sow performance and litter productivity (live litter weight, number of pigs weaned, 
mummified piglets) and sow immune status. Therefore, these data strongly support that 
individual components within a housing system can influence sow well-being and should be 
considered as important factors when optimizing alternative housing systems for gestating sows. 
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INTRODUCTION 
Animal well-being has become a major public issue for all US animal agriculture. More 
specifically, the contemporary sow-keeping system—the 2 × 7 enclosure called stall or crate—is 
one of the most controversial welfare concerns facing the swine industry. Following European 
trends, use of individual gestation stalls has been banned via public referenda in Florida, 
Arizona, California and new bills are continuously being introduced in other states. To date, 
most research results indicate that group-alternative housing systems do not necessarily lead to 
improved sow well-being and for the most part, sows kept in stalls vs. pens have similar mean 
values across all measures from both biological and statistical perspectives (McGlone et al., 
2004a; Rhodes et al., 2005; Salak-Johnson et al., 2007; Curtis et al., 2009).  There are both 
advantages and disadvantages associated with keeping sows individually or in group-pens during 
gestation, hence no keeping system has been identified, developed, or optimized such that well-
being of the gestating sow is enhanced (McGlone et al., 2004a; Rhodes et al., 2005; Salak-
Johnson et al., 2007; Curtis et al., 2009).  
Few studies have employed a multi-disciplinary approach to assess the impact these 
alternative housing systems have on sow welfare nor have these studies focused on the impact 
that the physical and biological components that compromise alternative housing systems may 
have on sow well-being.   More specifically, little is known about the impact that floor-space 
allowance within group-pens and feeding high-fiber diet, and the interaction of these two factors 
have on sow well-being (Meunier-Salaun et al., 2001; Salak-Johnson et al., 2007; Curtis et al., 
2009; Salak-Johnson et al., 2011). The objective of this study was to evaluate the effects of 
feeding a fiber-based gestation diet to sows kept in group-pens (10 sows per pen) at various 
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floor-space allowances during gestation on sow performance, productivity, behavior and immune 
and endocrine statuses.  
 
MATERIALS AND METHODS 
 Multiparious Chester White × Yorkshire crossbred (n = 175) sows and gilts (n = 46) were 
artificially inseminated within 24-h after estrus onset and then again 24-h later. Prior to treatment 
allocation all animals were kept in individual turn-around stalls. Pregnancy was confirmed at 28 
± 2 d post-breeding using a trans-abdominal ultrasound machine (Bantam, EI Medical Imaging) 
once sows were confirmed pregnant, sows were allocated based on sow BW and parity to their 
respective treatment. All sows remained in their respective gestation treatment group until d 109 
± 2 of gestation, and then sows were moved to a standard farrowing facility.  
 Sows were housed in mechanically-ventilated insulated barns. The thermostat in 
gestation barns were set at 21° C, but actual ambient temperature measured at sow level (~3 cm 
height) averaged 19.1 ± 5.3°C, however temperatures varied greatly across seasons (Table 3.1). 
Barns were maintained on a 10:14 h light:dark schedule with lights on at 0700 h and lights off at 
1700 h. 
 In a 2 x 2 factorial design (n = 221 sow), 40 sows per block (n = 6 blocks) were allotted 
to a diet treatment: (a) standard gestation diet or (b) standard gestation diet plus fiber and a floor-
space treatment: (a) 1.7 m
2
 or (b) 2.3 m
2 
per sow. Sows (n = 19) determined non-pregnant after 
allocation to treatment remained in their respective treatment group to keep group size (10 
sows/pen) and  floor-space allowance constant and to manage the group dynamically, however, 
welfare measures were not recorded on non-pregnant sows.  
46 
 
All diets were formulated to meet or exceed NRC requirements (NRC, 1998; Table 3.2).  
Control diet was based on corn and soybean meal (13.6% CP) and provided the sow with 3,348 
kcal ME per kg. The ADF and NDF concentrations were 3.06 and 9.08 %, respectively. Fiber 
diet contained corn, soybean meal supplemented with wheat middlings (15%) and soybean hulls 
(30%; 13.2% CP) and provided sows with 2,885 kcal ME per kg. The ADF and NDF 
concentrations in this diet were 16.6 and 28.3 %, respectively.  All sows were fed 6,700 kcal 
ME/d during the initial 90 d of gestation and then 10,720 kcal ME/d during the remaining 
gestational period. To achieve the appropriate energy levels sows were fed 2 and 3.2 kg/d of 
control diet and 2.3 and 3.7 kg/d of high-fiber diet, respectively.  
Sows were fed as a group on the solid portion of the floor within the pen. Dimensions of 
the pens were 3.8 × 6.2 m for 2.3 m
2
 floor-space allowance and 2.7 × 6.2 m for the 1.7 m
2 
floor-
space allowance. Feeding was evenly dispersed between 0800 and 0930 h each morning by the 
same team of individuals to ensure consistency of feed dispersion.  One waterer with two nipples 
was located near the solid portion of the floor in all group-pens.    
Performance and Productivity Measures 
Sow BW and BCS were recorded on d 34, 65, 90, and 110 of gestation. Sow BCS was 
based on a scale of 1 (emaciated) to 5 (obese) according to methods described by Coffey et al. 
1999. Sow BF depth at 10
th
 rib was recorded on d 34, 65, and 90 of gestation using an ei-medical 
imaging ultrasound (Loveland, CO). Sow body lesion scores were recorded at the beginning of 
the experiment (d 34) and every 2 d for the first 2 wk (phase1) and thereafter, lesion scores were 
recorded biweekly throughout gestation (phase 2). Lesion scores were recorded for each body 
region:  head, ears, neck, chest/breast, shoulders, back, udder, rear, vulva, perineum, legs, and 
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hooves (Figure 3.1). Sow lesion score was based on the presence or absence of an apparently 
new or old lesion in conjunction with severity of the wound. Scoring definitions were: 0 = 
normal (no lesions), 1 = dehairing, callus, balding; 2 = redness, swelling; 3 = swelling+ callus, 
abscess; 4 = moderate wound, scabbed over scratch; 5 = marked wound, fresh scratch; and, 6 = 
severe wound, open wound. Thus, a sow could receive a score ranging from 0 (normal, no 
lesions) to 6 (severe wound, open wound) for any location on any particular day. It was plausible 
to assign sows a combined scores for a given location. For example, a sow might have at a 
certain location: dehairing (1), redness + swelling (2), swelling+ callus (3), and marked 
wound/fresh scratch (5), for a total combined lesion score of 11.  Standard litter traits were also 
recorded: litter weight, live weight, number of males and females, number born and born alive, 
number retained, stillborn, or mummies, number weaned, and weaning weight. 
Physiological Measures 
Blood samples (~10 mL) were obtained from sows in blocks 1 through 4 only (n = 40 
sows per treatment) on d 34 and 90 of gestation via vena-puncture using vacutainers.  Total 
white blood cell counts (WBC) were made electronically using a Coulter Z1 particle counter 
(Beckman Coulter) by adding 10 μL of whole blood to Isoflow® (10 mL; Beckman Coulter, 
Miami, FL), and red blood cells were lysed with Zap-o-globin® (Beckman Coulter). Whole 
blood smears were made, fixed in methanol, stained with Hema-3® staining system (Fisher 
Scientific, Houston, TX) and viewed under a light microscope to determine leukocyte differential 
counts.   
For functional immune assays, whole blood was diluted with Roswell Park Memorial 
Institute medium (RPMI; Gibco, Carlsbad, CA) layered over Histopaque® -1077, (density = 
1.077 g/mL; Sigma Aldrich, Saint Louis, MO) and -1119 (density = 1.119 g/mL; Sigma Aldrich) 
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and centrifuged at 700g 30 min at 25°C. Lymphocytes were removed from the 1077 layer, 
washed twice in RPMI, resuspended, and counted. Neutrophils were removed from the 1119 
layer, washed once, and then red blood cells were lysed from the neutrophil fraction, and washed 
again in RPMI.  Cell concentrations were adjusted with RPMI based on the specific immune 
assays’ respective requirements. 
Plasma Analysis 
Plasma non-esterified fatty acids (NEFA), glucose, and insulin concentrations were 
measured on d 90 of gestation only. A validated commercial radioimmunoassay (Coat-A-
Count®, Los Angeles, CA) was used to measure plasma cortisol concentration (Sutherland et al., 
2005). Intra- and inter-assay CV were 4.5% and 5.6%, respectively.  Plasma NEFA was assessed 
by adding 4 µL of plasma to 270 µL of HR Series NEFA-HR (2) reagents (Wako Diagnostics, 
Richmond, VA) then placing the solution into a Beckman Coulter Olympus Au680 instrument at 
550 nm. Plasma glucose was assessed by adding 1.6 µL of plasma to 60 µL of Olympus 
OSR6621 reagent (Beckman Coulter, Miami, FL) and reading the concentration on the same 
Beckman Coulter Olympus Au680 instrument at an absorbance at 340-380 nm which is 
proportional to the amount of glucose present in the plasma. Plasma insulin levels were assessed 
using a porcine insulin ELISA (Mercodia, Winston-Salem, NC). Briefly, in duplicate, 10 µL 
diluted sample or standard was added to 96-well microtiter plates coated with mouse monoclonal 
anti-Insulin.  Peroxidase conjugated mouse monoclonal anti-Insulin (100 µL) was added, plates 
were incubated 1 h at 25°C on a plate shaker at 700 rpm, and then washed 6 times with wash 
buffer.  Substrate TMB solution (200 µL) was added, and after 15-min, the reaction was stopped 
with 50 μL stop solution. The plates were read using a microplate reader (BIO-TEK Instruments, 
Winooski, VT) at wavelength 450 nm. A standard curve (0.02, 0.05, 0.15, 0.5, 1.5 µg/L) was 
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used to estimate total plasma insulin.  Intra- and inter-assay CV were 1.88 % and 2.0%, 
respectively.  
Immune Assays 
 Neutrophil chemotaxis was measured using an assay previously described by Salak et al. 
(1993). Neutrophils were used at a concentration of 3 × 10
6
 cells/mL to evaluate the ability of 
cells to migrate toward assay medium (control; random migration) or recombinant human 
complement-5a (10−7 M; Sigma Aldrich) and recombinant human IL-8 (100 µg/mL; Sigma 
Aldrich) (chemotaxis-directed migration).  
 Neutrophil phagocytosis was measured using a flow cytometry-based assay as previously 
described by Jolie et al. (1997) with minor modifications as described by Niekamp et al. (2006).  
Fluorescent beads were pre-incubated 30 min with nonheat-inactivated porcine serum before 
adding beads to the samples at a 10:1 (beads-to-neutrophils) ratio and then cells and beads were 
incubated together for 45 min. The percentage of engulfment of beads by cells was evaluated 
using a flow cytometer. 
 Mitogen-induced lymphocyte proliferation assay was performed using a CellTiter 96® 
nonradioactive cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 
protocol with minor modification as previously described by Sutherland et al. (2005). Briefly, 
porcine lymphocytes were used at a concentration of 5  106 cells/mL and placed in triplicate 
into a sterile 96-well flat-bottom plate.  Concanavalin A (CONA; Sigma Aldrich) and 
lipopolysaccharide (LPS; Sigma Aldrich) were used as mitogens (0, 0.2, 2.0 and 20 µg/mL) to 
stimulate T and B cells, respectively. Plates were incubated 68 h at 37
o
C in a 5% CO2 humidified 
incubator and 15 µL Promega Dye were added to each well, and the plates were incubated 4 h. 
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Promega Stop solution (100 µL) was added, and the plates were incubated overnight at 37ºC and 
then read using a microplate reader (BIO-TEK Instruments) at wavelength 550 nm with 
reference wavelength 690 nm.  The results are expressed as a proliferation index (PI): 
 
Optical density (550/690 nm) stimulated cells 
PI  = 
   Optical density (550/690 nm) non-stimulated cells 
 
 Natural killer (NK) cell cytotoxicity was measured using a commercially available 
nonradioactive cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN) as described 
previously by Sutherland et al. (2005).  Briefly, porcine lymphocytes were used as effector cells 
and K-562 chronic human myelogenous leukemia cells (American Tissue Type Culture 
Collection, Manassas, VA) were used as target cells.  Lymphocytes were adjusted to 1 × 
10
7
cells/mL and K-562 cells adjusted to a constant 10,000 cells per well.  Samples were run in 
triplicate at effector (lymphocytes) to target-cell (K-562) ratios of 12.5:1, 25:1, 50:1, and 100:1, 
respectively.  Plates were read using a microplate reader (BIO-TEK Instruments) at wavelength 
490 nm and reference wavelength 690 nm after an 18 h incubation period.  Percent cytotoxicity 
was calculated as described by Lumpkin and McGlone (1992) and an assay was considered valid 
if maximum release divided by spontaneous release was ≤20%. 
Behavioral Measures 
Sow behavior (n = 20 sows/treatment) was recorded using Geovision GV-1240 
(Geovision, Inc., Irvine, CA) video capture combo card and viewed using EZViewlog 
(Geovision, Inc., Irvine, CA) in real-time. Behavior was observed and registered continuously 
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for 10 (0700-1700) h on d 37, 44, 76, 90, and 104 of gestation. These days vary between groups 
1-3 based on logistics of recordings accumulating to 50 h of total observation.  
Behaviors registered included: drink, eat, lay, stand, sit, oral-nasal-facial (ONF), sham-
chew, and aggressive interactions. Hours of the day were separated into 3 time periods (1: 0700-
1100; 2:1100-1500; 3:1500-1700) for analyses that enable us to determine behavioral changes 
throughout the day. Durations and percentages of each behavioral bout were registered using 
continuous sampling of all 10 sows in the pen.  Frequency of behavioral events (ONF, sham-
chew, drink, and eat) were also observed and registered for analyses. Focal sampling was not; 
possible, therefore observing sub-groups of sows in ranges of 1-5 and 6-10 allowed a 
quantitative assessment of sows and social interactions amongst sows that may occur.   
Statistical Analysis 
Data were analyzed using PROC MIXED with repeated measures SAS (SAS Inst. Inc., 
Cary, NC). All traits were tested for departures from a normal distribution. Natural logarithmic 
transformation was applied to all traits deviating from a normal distribution to facilitate the 
interpretation of results. A linear mixed effects model was used to analyze the physiological 
measurements. The model included the fixed effects of floor-space (2 levels: pens at 1.7 or 3.2 
m
2
/sow), diet (2 levels: control or high-fiber), parity (4 levels: 1 to ≥4), day of measurement 
(levels vary pending on measurement) and all interactions among the fixed effects. A random 
effect of group (6 levels: groups 1 through 6) was included in the model to account for potential 
environmental and management differences across groups. All measurements corresponding to 
this study were from a single sow and thus, the experimental unit was sow as well as based on 
results from Hanson et al. 2010.  The model for the behavior and performance measurements 
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was similar to that used for the blood measurements, although hour of measurement were 
included in the behavioral model and levels of day of gestation varied depending on day of 
measurement. Estimates were obtained using the PROC MIXED of SAS.  Significance was set at 
(P ≤ 0.05), and trends were discussed at (P ≤ 0.10). 
RESULTS 
There were diet × floor-space allowance, diet × day of gestation, and floor-space 
allowance × day of gestation interactions for sow performance, productivity, lesions, 
physiological and behavioral traits.  
Diet × floor-space allowance for sow performance and productivity, including, BF depth, 
litter weight, live litter weight, piglets retained, mummified piglets, and piglets weaned are 
shown in Table. 3.3. Sows kept at 2.3 m
2
 and fed high-fiber diet had poorer performance and 
productivity based on numerous litter characteristics compared with sows kept at 1.7 m
2
 and fed 
high-fiber diet. Sows kept at 2.3 m
2
 and fed high-fiber diet tended to have less (P < 0.10) BF 
depth compared with sows in all other treatment groups. Similarly, sows kept in group-pens at 
floor-space allowance of 2.3 m
2
 and fed high-fiber diet also produced piglets with lower (P < 
0.05) total litter weights and born alive litter weights, retained more (P < 0.05) piglets and had 
more mummified piglets than did sows kept at 1.7 m
2
 and fed same diet or sows at the same 
floor-space 2.3 m
2
, but fed control diet. Number of piglets weaned and litter weaning weights 
were greater (P < 0.05) for sows kept at 1.7 m
2
 and fed high-fiber diet than for sows kept at 2.3 
m
2
 and fed same fiber diet.  
Location of body lesion was influenced by diet × floor-space (Table 3.4); with sows kept 
in group-pens at 1.7 m
2
 of floor-space and fed control diet having greater (P < 0.05) lesion 
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severity scores on ears, neck, chest, shoulders, back, and vulva compared with sows in other 
treatments. Sows kept at 2.3 m
2
 and fed high-fiber had lower (P < 0.001) lesion severity scores 
on head than did sows kept at the same floor-space but fed control diet or sows kept at 1.7 m
2 
and 
fed high-fiber diet. Conversely, sows kept at 2.3 m
2
 and fed high-fiber diet had greater (P < 0.05) 
lesion severity scores on the hind legs than did sows in any other treatment group.  The ability of 
sows to get-up was more difficult (P < 0.001) for sows kept at 1.7 m
2
 and fed high-fiber diet 
compared with sows in all other treatments. Conversely, incidence of  lameness was greater (P < 
0.01) amongst sows kept at 2.3 m
2
 of floor-space and fed control diet compared with sows kept 
at 2.3 m
2
 and fed high-fiber diet or sows kept at 1.7 m
2
 and fed control diet. 
There was diet × floor-space interaction for total lymphocyte count and sow behavior 
including ONF, sham-chew, drink, and sit behaviors (Table 3.5). Sows fed high-fiber diet and 
kept in group-pens at 1.7 m
2
 of floor-space tended to have greater (P < 0.10) lymphocyte counts 
compared with sows in all other treatment groups.   Frequency, duration and percentage of sham-
chew bouts were greater (P < 0.05) for sows kept in group-pens at 1.7 m
2
 of floor-space and fed 
control diet compared with sows kept at same floor-space but fed high-fiber diet or sows kept at 
2.3 m
2
 of floor-space but fed same diet.  Frequency of ONF bouts was greater (P < 0.05) for 
sows kept in pens at 1.7 m
2
 of floor-space and fed control diet than for sows kept at 1.7 m
2
 and 
fed high-fiber diet.  Conversely, frequency of drink bouts was greater (P < 0.05) amongst sows 
kept in pens at 2.3 m
2
 and fed high-fiber diet compared with sows kept at 1.7 m
2
 and also fed 
high-fiber diet.  There was a trend for sit behavior to be greater (P < 0.10) amongst sows kept in 
group-pens at 2.3 m
2
 and fed control diet than sows kept at 1.7 m
2
 and fed the same control diet.  
There was a diet × day of gestation interaction for sow BW gain (Figure 3.2) and multiple 
immune traits. Sows fed high-fiber diet gained more (P < 0.01) BW during early- and mid- 
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gestation than did sows fed control diet; conversely, sows fed control diet gained more (P < 0.01) 
BW during late gestation (d 90 to 110).  Neutrophil phagocytosis was affected by both diet and 
day of gestation; neutrophil phagocytosis (%) was greater (P < 0.05) on d 90 of gestation 
amongst sows fed control diet than for sows fed high-fiber diet. Conversely, on d 90 of gestation 
those sows fed high-fiber diet had greater (P < 0.01) conconavalin-A induced lymphocyte 
proliferation than did sows fed control diet.  Moreover, there was a diet × floor-space allowance 
× time period interaction for drink behavior (P < 0.05; Figure 3.3). During time period 1 (0700-
1100 h) sows kept at 2.3 m
2
 of floor-space and fed high-fiber diet had more (P < 0.05) drink 
bouts than did sows kept in any other treatment.  
Dietary Effects on Measures of Well-being 
Consumption of the high-fiber diet by sows during gestation impacted sow performance and 
body lesion scores.  Sows fed control diet had greater (P< 0.05) BF depth and a tendency for 
greater (P < 0.10) BCS than sows fed high-fiber diet. Sows fed high-fiber diet tended to have 
greater (P < 0.10) skin lesions on neck whereas, sows fed control diet had greater (P < 0.05) skin 
lesion scores on the perineum.   
Table 3.6 shows the effects of dietary treatment on sow immune status and plasma cortisol 
with several immune traits being affected by dietary treatment.  Lymphocyte proliferation was 
greater for sows fed a high-fiber diet than for sows fed control diet (P < 0.05; Table 3.6). 
Conversely, sows fed control diet had greater (P < 0.01) neutrophil phagocytosis than did sows 
fed high-fiber diet. There was a tendency (P < 0.10) for sows fed control diet to have greater 
plasma cortisol than for sows fed high-fiber diet. Sows fed high-fiber diet had greater (P < 0.01) 
plasma glucose levels than did sows fed control diet. Conversely, sows fed control diet tended to 
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have greater (P < 0.10) plasma NEFA levels than did sows fed high-fiber diet. All other immune 
measures were similar regardless of dietary treatment (P > 0.10).    
Dietary treatment also affected eating behavior and oral activity of sows during gestation.  
Frequency of eat bouts was greater (P = 0.05) for sows fed high-fiber diet compared with sows 
fed control diet whereas ONF behavior was greater (P < 0.10) for sows fed control diet than for 
sows fed high-fiber diet.   
Floor-space Allowance Effects on Measures of Well-being 
 Sows kept in pens at 1.7 m
2
 of floor-space had greater (P < 0.05) lesion scores on vulva, 
perineum, front legs, and front hooves than did sows kept at 2.3 m
2.
  However, sows kept at 2.3 
m
2
 of floor-space had greater (P < 0.05) lesion scores on hind legs and hooves than did sows 
kept in pens at 1.7 m
2
. All other performance measures were similar regardless of floor-space 
allowance (P > 0.10).  
 Sow physiology was affected by floor-space allowance with number of neutrophils (P < 
0.10) and lymphocytes (P < 0.05) being greater for sows kept in pens at 1.7 m
2
/sow than for 
sows kept at 2.3 m
2
/sow. Mitogen-induced lymphocyte proliferation tended to be greater for 
sows kept in pens at 2.3 m
2
 than for sows kept at 1.7 m
2
 (P < 0.10). All other endocrine and 
immune measures were similar, regardless of floor-space treatment (P > 0.10). 
 Percentage of postural and oral behaviors for sows that gestated in group-pens was also 
affected by floor-space allowance (P < 0.05).  Sows kept at a floor-space allowance of 1.7 m
2
 
tended to spend more time (P < 0.10) standing than did sows kept at 2.3 m
2
 floor-space 
allowance.  Sham-chew behavior was greater (P < 0.05) for sows kept at 1.7 m
2
 of floor-space 
than sows kept at 2.3 m
2
.  
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Effects of Day of Gestation on Measures of Well-being 
 Sow skin lesion scores, behavior, and immune status were all affected by day of gestation 
(P < 0.05), as day of gestation increased, lesion severity scores decreased (P < 0.05).  From d 34 
to d 90, neutrophil-to-lymphocyte ratio, total neutrophil count, and percent of mature neutrophils 
all increased among sows, regardless of treatment (P < 0.05). Consequently, percentage of 
eosinophils decreased as day of gestation increased (P < 0.05).  Behavior was also influenced by 
day of gestation (P < 0.05) with all sows having greater duration of stand behavior on d 44 
compared with all other days.  Duration of ONF bouts were greater  (P < 0.01) during mid-
gestation (d 44 and 76) than any other day of gestation, while total percentage of ONF behavior 
was greatest (P < 0.01) on d 76 than any other day of gestation. Sows performed greater (P = 
0.05) duration of drink bouts on d 37 compared with all other days.  Both duration and total 
percentage of aggressive behavior were greater (P < 0.01) on d 37 compared with all other days.   
Effect of Time of Day on Sow Behavior 
 Postural and maintenance behaviors as well as oral activity were all influenced by time 
period, regardless of treatments.  Duration of lay behavior was greater (P < 0.05) during the time 
period 3 (1500-1700 h) compared with time periods 1 and 2 (0700-1500 h). Conversely, duration 
of stand behavior was greater (P < 0.05) during time period 1 (0700-1100 h) compared with 
period 3 (1500-1700 h). Frequency of ONF behavior was greater (P < 0.01) during time periods 
1 and 2 (0700-1500 h) than during time period 3 (1500-1700 h).  Both frequency and total 
percentage of drink behavior were greater (P < 0.01) during time period 1 (0700-1100 h) than 
time periods 2 and 3. Sows also performed a greater (P < 0.05) percentage of aggression 
behavior during time period 1 (0700-1100 h) than any other time period.  
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DISCUSSION 
Results reported within indicate that sow performance, productivity, behavior and 
immune status were all affected by both floor-space allowance and dietary treatment. Floor-
feeding sows a high-fiber diet and keeping them in group-pens at floor-space allowance of  1.7 
m
2
 per sow (10 sows per pen) may improve sow performance and productivity while altering 
sow behavior and affecting immune status.  These results indicate that when combining 
management factors, such as diet type, and physical housing component, such as a group-pen 
with floor-space allowance, interactions do occur and therefore, need to be considered before 
implementing. Hence, indicating that individual components within housing systems may impact 
sow well-being more than the housing system itself. Nevertheless, treatment means for all 
measures fell within normal ranges. 
Floor-space Treatments 
The amount of floor-space provided per sow in group-pen environment during gestation 
had minimal effect on sow well-being. The most prominent effect of floor-space allowance was 
among sows kept in pens at 1.7 m
2
/sow floor-space allowance. These findings are similar to 
results reported by Salak-Johnson et al. (2007), in which they found that sows kept at 1.7 m
2
/sow 
did have greater lesion scores than sows kept at greater floor-space allowances (2.3 and 3.3 m
2
). 
Although those same sows consistently had greater lesion scores, their performance was similar 
to sows kept in 2.3 m
2
/sow pens indicating that lesion severity does not impact indicators of sow 
well-being which was similar to findings reported in Salak-Johnson et al. (2007; forthcoming).  
Dietary Treatments 
Sows fed high-fiber had greater BCS and BF depth which was in agreement with work by 
Danielsen and Vestergaard, 2001, but contradicts findings by Holt et al., 2006. These differences 
58 
 
may be due to fiber source and level of fiber because both of these factors impact transit time in 
the entire gastro-intestinal tract and digestibility of other nutrients, as well as, water holding 
capacity of fiber type (Bindelle et al., 2008). Ramonet et al. (2000) reported feeding a high-fiber 
diet increases heat production, delays the postprandial (after feeding) peak of heat production 
and maintains the basal heat production at a higher level than when sows were fed a control diet, 
which may partially explain the decrease in stand and oral non-feeding behavior postprandial 
that was also found when feeding high levels of fiber (Ramonet et al., 2000).  Similar behavioral 
findings were not found within however, it was reported that sows kept at 2.3 m
2
 and fed high-
fiber did have increased drink bouts which could imply an increase in heat production thus an 
increase in water consumption. However, sows kept at 1.7 m
2
 and fed high-fiber did not display 
similar thermo-regulating behaviors and therefore, may indicate that fiber alone is not the cause 
for these behaviors displayed by sows kept at 2.3 m
2
 of floor-space and fed fiber. Conversely, 
during late gestation (d 90 and 110) sow BW gain was greater amongst sows fed control diet, in 
which no previous findings reported similar results. Therefore, plasma glucose, insulin, and 
NEFA on d 90 of gestation were assessed to help determine the biological reason for this shift in 
BW gain. These data indicate a statistical difference in glucose concentrations between sows fed 
high-fiber vs. control diet; sows fed fiber had greater plasma glucose but this statistical 
difference does not necessarily equate to biological relevance.  Previous studies have found 
differences for blood glucose, NEFA, lactate, and IGF-1 levels 4 h post-feeding between sows 
fed  high-fiber vs. control diet and these levels also fluctuate frequently throughout the day, these 
increased levels amongst sows fed high-fiber are partially due to decreased secretion of leptin (de 
Leeuw et al., 2004; Quesnel et al., 2009). Therefore, time point that these measures were taken 
within could cause limited detectability.  However, since no biological differences were found 
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regarding plasma glucose, insulin and NEFA levels within, several theories continue to be 
unanswered as to why sows fed high-fiber diet do not maintain BW gain later in gestation.   
As for immune status, mitogen-induced lymphocyte proliferation was greater for sows 
fed high-fiber diet while neutrophil phagocytosis was greater for sows fed control diet. Based on 
these two immune traits it may be concluded that fiber may impact different aspects of the 
immune system and/or that the coping mechanisms of the sow are different when fed high-fiber 
during gestation.  According to Salak-Johnson and McGlone (2007) stress disrupts the balance 
between T-helper 1 (Th1) and T-helper 2 (Th2) in an attempt to balance homeostasis, in which 
sows fed high-fiber having decreased cortisol and increased mitogen induced lymphocyte 
proliferation would be directed toward Th2 response. Conversely sows fed control diet had 
greater levels of cortisol and neutrophil phagocytosis which would be a shift towards Th1 
response; these different aspects of the immune system could be indication of ability to achieve 
homeostatic balance (Salak-Johnson and McGlone, 2007).  Limited studies have investigated the 
impact of fibrous diet on the immune response of gestating sows and therefore, finding such 
immunological differences can be an indication of the influence that diet has on stress and 
homeostatic balance which could be used as an indicator of well-being; however these 
immunological data do not indicate if well-being is compromised or improved. 
Oral-nasal-facial behaviors may have been reduced in sows fed high-fiber diet due to the 
increase in satiety provided by adding soy hulls and wheat middlings to the diet (Meunier-Salaün 
et al., 2001; de Leeuw et al., 2008). Most ONF behavior is performed primarily before and after 
eating due to anticipation of feed and the continuous search for feed afterwards (Brouns et al., 
1994; Meunier-Salaün et al., 2001; Salak-Johnson et al. forthcoming).  Results herein were not 
statistically  different regarding diet × time period; however percent of ONF performed was 
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biologically greater amongst sows fed control diet (60.8%) than sows fed high-fiber (42.6%). An 
increase in satiety may reduce feed motivation and anticipation, therefore causing a decrease in 
motivation to perform ONF behavior before and after eating. Similar findings were reported by 
Robert et al. (1997) who observed a reduction in stereotypies after feeding when sows were fed 
oat hulls than sows that were fed less bulky wheat bran or corn cobs.   Therefore, these data 
indicate that it is plausible to reduce or alter oral behavior by feeding gestating sows  high-fiber 
diet since high-fiber appears to  increase satiety in sows thus altering the majority of oral activity 
pre- and post- prandial are due to motivation to forage for food. 
Floor-space × Diet  
Most interesting findings were observed among sows that were fed a high-fiber diet and 
kept at 1.7 m
2
 floor-space, especially on multiple litter characteristics.  Previously, no study has 
found improved litter traits between sows kept in different housing systems. We report for the 
first time that total litter weight, live litter weight, number of piglets weaned, and litter wean 
weight were greater, while piglet mortality was less based on a physical (1.7 m
2
) and biological 
(high-fiber) components within a housing system. Conversely, sows kept at 2.3 m
2
 and fed high-
fiber had reduced litter weights, number of piglets weaned, and weaning weights as well as 
increased piglet mortality.  According to Broom and Johnson, (1993), Fraser and Broom, (1997), 
and Sapolsky et al. (2000) when experiencing pre-natal stress a sow will compromise her own 
well-being before compromising her litter. If this theory is true, we hypothesize that sows kept in 
group-pens of 2.3 m
2
 and floor-fed a high-fiber diet are attempting to cope with the perceived 
environmental stressor and making biological adjustments in which the natural response is to 
divert nutrients from other biological resources of the body such as reproduction and put those 
towards adaptability.  
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 Other indicators were influenced by floor-space × diet, showing similar trends. Drink 
bouts were altered amongst sows fed high-fiber and kept in group-pens at 2.3 m
2
 of floor-space 
per sow. These sows were motivated to drink more frequently throughout the feeding period 
(0700-1100 h) than were all other sows.   Previous studies reported no difference in drink 
behavior or water intake amongst sows fed a high-fiber diet (McGlone and Fullwood, 2001; 
Meunier-Salaün et al., 2001; and Ramonet et al., 1999).  Feeding high-fiber could increase 
motivation to maintain the natural eat-drink-eat sequence, but when sows are floor-fed and kept 
in a 2.3 m
2
 group-pen the distance needed to walk was greater, therefore, this increase in distance 
resulted in an increase in aggressive encounters due to an increase in competition for both 
resources among sows kept at 2.3 m
2
 and fed high-fiber diet (34.1) compared with sows kept in 
all other treatments (26.9-29.6) which was not statistically, but potentially biologically different.  
Based on the significant interactions, sows fed high-fiber and kept at 1.7 m
2
 had 
improved well-being, while sows fed high-fiber and kept at 2.3 m
2
 did not perform as well.  
These results indicate that the right combination of diet strategy and floor-space allowance does 
have the potential to improve well-being. 
 
 
IMPLICATIONS 
A group-pen housing system for gestating sows that consists of a floor-space allowance 
of 1.7 m
2
 per sow and floor-fed a high-fiber diet may improve sow and litter productivity (live 
litter weight, number of pigs weaned, mummified piglets).  Moreover, feeding sows a high-fiber 
diet may evoke the natural sequence of eat-drink-eat as well as the lesser floor-space allowance 
encourages this behavior because water resource is closer to feeding area. Also, there is potential 
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to further improve sow well-being if water placement is taken into consideration. If a traditional 
corn-soybean meal diet is fed, either floor-space allowance is sufficient based on industry 
standards of well-being. These results indicate that combining components that comprise a 
housing system and/or management strategies can impact sow well-being, and therefore, should 
be assessed further to determine an optimized system that truly improves sow well-being.  
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TABLES AND FIGURES 
 
Table 3.1 Indoor temperatures across replicates  
Replicate Season1 Mean Temperature (C°) 
1 Winter 14.33 ± 3.52 
2 Winter 15.36 ± 3.71 
3 Winter 18.02 ± 4.04 
4 Spring 19.21 ± 3.84 
5 Spring 25.34 ± 3.96 
6 Summer 23.15 ± 2.19 
1
 Season that replicate began.  
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Table 3.2 Diet composition 
Item Low fiber diet High fiber diet 
Ingredients, %   
  Corn 81.15 45.15 
  Soybean meal, 48% 14.50 6.00 
  Wheat middlings - 15.00 
  Soybean hulls - 30.00 
  Soybean oil 1.00 1.00 
  Limestone 0.65 0.40 
  Dicalcium phosphate 2.00 1.65 
  Salt 0.40 0.40 
  Vitamin mineral premix 0.30 0.30 
Total 100.00 100.00 
Energy and nutrients   
  Energy, Kcal ME/kg 3,348 2,885 
  Crude protein, % 13.6 13.2 
  Calcium, % 0.75 0.75 
  Phosphorus, % 0.70 0.66 
  Phosphorus, digestible, % 0.35 0.35 
  Acid detergent fiber, % 3.06 16.6 
  Neutral detergent fiber, % 9.08 28.3 
  Arginine, % 0.81 0.74 
  Histidine, % 0.37 0.37 
  Isoleucine, % 0.54 0.50 
  Leucine, % 1.33 1.10 
  Lysine, % 0.65 0.65 
  Methionine, % 0.24 0.20 
  Methionine + cysteine, % 0.50 0.46 
  Phenylalanine, % 0.66 0.61 
  Threonine, % 0.50 0.43 
  Tryptophan, % 0.14 0.14 
  Valine, % 0.65 0.61 
  
70 
 
Table 3.3 Effect of diet and floor-space allowance on litter characteristics (least squares 
means ± SE) 
 
Treatment 
 
 Fiber Control  
Litter trait 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Litter weight, kg 18.4 ± 0.6
a
 16.6 ± 0.6
b
 17.4 ± 0.7
a,b
 18.9 ± 0.6
a
 0.011 
Live litter weight, kg 17.2 ± 0.6
a
 15 ± 0.6
b
 15.5 ± 0.7
a,b
 17.1 ± 0.6
a
 0.004 
No. male piglets 6.3 ± 0.3 5.8 ± 0.4 6.1 ± 0.4 6.5 ± 0.3 0.172 
No. female piglets 5.5 ± 0.3 5.6 ± 0.3 5.3 ± 0.3 5.9 ± 0.3 0.549 
No. born 12.0 ± 0.5 11.5 ± 0.5 11.6 ± 0.5 12.5 ± 0.4 0.142 
No. born alive 10.9 ± 0.5 10.1 ± 0.5 10.3 ± 0.5 11.0 ± 0.5 0.128 
No. stillborn 0.96 ± 0.3 1.5 ± 0.3 1.3 ± 0.3 1.4 ± 0.3 0.471 
No. retained 0.005 ± 0.04
b
 0.09 ± 0.04
a
 0.08 ± 0.04
a,b
 0.001 ± 0.04
b
 0.040 
No. mummies 0.11 ± 0.08
b
 0.35 ± 0.08
a
 0.24 ± 0.08
a,b
 0.13 ± 0.08
b
 0.024 
No. laid on 0.72 ± 0.18 1.11 ± 0.18 1.11 ± 0.18 1.06 ± 0.17 0.212 
No. weaned 9.49 ± 0.3
a
 8.49 ± 0.3
b
 8.78 ± 0.3
a,b
 9.08 ± 0.3
a,b
 0.023 
Litter wean weight, kg 55.0 ± 2.2
a
 48.6 ± 2.3
b
 51.4 ± 2.3
a,b
 53.6 ± 2.3
a,b
 0.042 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table 3.4 Effect of diet and floor-space allowance on gestating sow lesion score (least 
squares means ± SE) 
 Treatment  
 Fiber Control  
Lesion score 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Head, 0-7 4.0 ± 0.08
a
 3.7 ± 0.08
b
 3.9 ± 0.07
a,b
 4.0 ± 0.08
a
 < 0.001 
Ears, 0-7 4.06 ± 0.7
b
 4.0 ± 0.07
b
 4.2 ± 0.06
a
 4.1 ± 0.07
a,b
 0.001 
Neck, 0-7 3.8 ± 0.08
b
 3.6 ± 0.09
b
 4.1 ± 0.08
a
 3.9 ± 0.09
b
 <0.001 
Chest, 0-7 0.13 ± 0.04
a,b
 0.11 ± 0.04
a,b
 0.17 ± 0.04
a
 0.03 ± 0.04
b
 0.029 
Shoulders, 0-7 3.9 ± 0.08
b
 3.9 ± 0.08
b
 4.2 ± 0.07
a
 4.0 ± 0.08
a,b
 <0.001 
Back, 0-7 3.9 ± 0.07
b
 3.9 ± 0.08
b
 4.2 ± 0.07
a
 3.9 ± 0.08
b
 0.002 
Vulva, 0-7 0.46 ± 0.07
b
 0.29 ± 0.07
b
 0.79 ± 0.06
a
 0.33 ± 0.07
b
 0.002 
Hind Legs, 0-7 1.3 ± 0.11
b
 1.8 ± 0.11
a
 1.3 ± 0.11
b
 1.4 ± 0.12
b
 0.003 
Getting Up, 0-3 0.17 ± 0.02
a
 0.03 ± 0.02
b
 0.07 ± 0.02
b 
0.07 ± 0.02
b 
<0.001 
Lameness, 0-2 0.20 ± 0.03
a,b
 0.12 ± 0.03
c
 0.15 ± 0.02
b,c
 0.25 ± 0.03
a
 0.001 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table 3.5 Effect of diet and floor-space allowance on sow behavior (least squares means ± SE) 
  
 Treatment  
 Fiber Control  
Behavior
1,2
  1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Lay       
Percentage, % 41.6 ± 5.3 37.7 ± 5.3 40.0 ± 5.3 53.1 ± 5.3 0.110 
Bout duration, min 17.6 ± 4.4 17.8 ± 4.4 14.7 ± 4.4 25.1 ± 4.4 0.252 
Sit      
Percentage, % 10.7 ± 1.7 9.8 ± 1.7 7.6 ± 1.7 10.5 ± 1.7 0.244 
Bout duration, min 0.99 ± 0.15
a,b
 0.89 ± 0.15
a,b
 0.65 ± 0.15
b
 1.14 ± 0.15
a
 0.059 
Stand      
Percentage, % 47.7 ± 5.4 45.9 ± 5.4 52.5 ± 5.4 36.4 ± 5.4 0.187 
Bout duration, min 13.7 ± 6.6 27.8 ± 6.6 27.8 ± 6.6 15.5 ± 6.6 0.149 
Eat      
Percentage, % 7.5 ± 2.1 6.5 ± 2.1 5.1 ± 2.1 4.0 ± 2.1 0.978 
Bout duration, min 9.4 ± 2.7 8.8 ± 2.7 5.8 ± 2.7 5.5 ± 2.7 0.966 
Frequency, no. 113.0 ± 18.7
a,b
 154.4 ± 18.7
a
 102.8 ± 18.7
a,b
 85.5 ± 18.7
b
 0.138 
Drink       
Percentage, % 9.1 ± 2.4 13.5 ± 2.4 9.7 ± 2.4 12.0 ± 2.4 0.683 
Bout duration, min 0.53 ± 0.1 0.64 ± 0.1 0.50 ± 0.1 0.53 ± 0.1 0.736 
Frequency, no. 36.8 ± 4.3
b
 52.9 ± 4.3
a
 48.1 ± 4.3
a,b
 44.4 ± 4.3
a,b
 0.028 
ONF      
Percentage, % 45.8 ± 6.5 39.5 ± 6.5 57.1 ± 6.5 53.7 ± 6.5 0.827 
Bout duration, min 6.7 ± 1.5 8.2 ± 1.5 8.0 ± 1.5 6.8 ± 1.5 0.388 
Frequency, no. 96.7 ± 10.2
b
 113.2 ± 10.2
a,b
 131.4 ± 10.2
a
 105.2 ± 10.2
a,b
 0.044 
Sham chew      
Percentage, % 1.5 ± 1.1
b
 2.1 ± 1.1
a,b
 5.3 ± 1.1
a
 0.1 ± 1.1
b
 0.016 
Bout duration, min 1.4 ± 0.8
a,b
 2.1 ± 0.8
a
 2.8 ± 0.8
a
 0.08 ± 0.8
b
 0.025 
Frequency, no. 2.6 ± 2.7
b
 7.6 ± 2.7
a,b
 10.8 ± 2.7
a
 0.13 ± 2.7
b
 0.008 
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a-c
within a row, means without a common superscript differ (P < 0.05). 
1 Percentage, bout duration, and frequency of behaviors performed throughout gestation, 0700-1700 h on 
days 37, 44, 76, 90, 104. 
2
 Frequency of behaviors were only determined for behaviors categorized as events (eat, drink, ONF, sham-
chew, and aggression). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
Table 3.5 (Continued) 
               Treatment 
 Fiber Control  
 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Aggression      
Percentage, % 0.74 ± 0.3 1.03 ± 0.3 1.05 ± 0.3 0.81 ± 0.3 0.394 
Bout duration, min 0.10 ± 0.04 0.06 ± 0.04 0.07 ± 0.04 0.06 ± 0.04 0.699 
Frequency, no. 28.7 ± 4.2 34.1 ± 4.2 29.6 ± 4.2 26.9 ± 4.2 0.340 
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Table 3.6 Effects of dietary fiber on sow immune and endocrine traits (least squares means 
± SE) 
 Dietary Treatment  
Measure Control High-fiber P-value 
Total WBC, 10
7
 2.6 ± 0.13 2.6 ± 0.13 0.656 
Lymphocyte, 10
7
 2.9 ± 0.31 2.9 ± 0.31 0.429 
Neutrophil, 10
7
 5.7 ± 0.53 5.8 ± 0.53 0.731 
Lymphocytes, % 45.9 ± 6.5 51.6 ± 6.2 0.161 
Monocytes, % 2.4 ± 0.30 2.1 ± 0.30 0.142 
Eosinophils, % 3.7 ± 0.59 4.1 ± 0.56 0.266 
Segmented neutrophils, % 46.6 ± 2.1 44.9 ± 2.1 0.203 
Banded neutrophils, % 1.4 ± 0.35 1.4 ± 0.35 0.743 
Neutrophil-to-lymphocyte ratio 1.2 ± 0.20 1.2 ± 0.20 0.673 
LPS proliferation 0.2 1.17 ± 0.27
d
 1.89 ± 0.27
c
 0.060 
ConA proliferation, 0.2 1.18 ± 0.10
b
 1.73 ± 0.11
a
 0.001 
Phagocytosis, % 51.5 ± 3.9
a
 43.7 ± 3.8
b
 0.002 
Chemotaxis, C5a 144.6 ± 43 130.4 ± 39 0.696 
Chemotaxis, IL8 209 ± 51 204 ± 48 0.888 
Cortisol, ng/mL 28.1 ± 2.5
a
 23.64 ± 2.5
b
 0.007 
NEFA, meq/L1 0.13 ± 0.01 0.11 ± 0.01 0.076 
Glucose, mg/dL1 68.2 ± 1.25
b
 74.2 ± 1.22
a
 0.007 
Insulin, ug/L1 0.16 ± 0.01 0.14 ± 0.01 0.280 
a,b
within a row, means with different superscript differ at  (P < 0.05) and 
c,d
 differ at (P < 0.10). 
1
measured only on day 90 of gestation. 
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Figure 3.1 Body location for lesion scoring 
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Figure 3.2 Effect of diet and day of gestation on sow body weight gain
 
a,b
within a day, means without a common superscript differ (P < 0.05). 
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Figure 3.3 Effects of diet and floor-space allowance on drink frequency from 0700-1100 h 
 
a,b
 means without a common superscript differ (P < 0.05). 
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Chapter 4. 
EFFECT OF ALTERNATIVE STALL ACCOMMODATIONS ON THE WELL-BEING 
OF GESTATING SOWS 
ABSTRACT:  Sow housing is one of the most controversial welfare issues facing the swine 
industry. New housing systems are being implemented without scientifically evaluating the 
impact these alternative systems have on sow well-being. The objective of this study was to 
evaluate the physical components within three housing systems on sow well-being using a multi-
disciplinary approach. On d 30 of gestation 96 multi-parous sows were allocated to either a 
standard stall (STALL; control), an adjustable stall (FLEX; width only), or free access stall-pen 
(FREE). For sows kept in FLEX stalls only, on d 89 of gestation, stall width was adjusted to 
achieve an additional 4 cm space between sow and stall on each side. Sow body weight and 
back-fat depth were measured on d 0 (wean), 30, 89, and 110. Skin lesion severity and BCS were 
assessed on d 0, 30, 45, 60, 75, 89, 103, and 110. Immune and endocrine status were measured 
on d 0, 30, 31, 89, 90 (FLEX only) and 110. Behavior was recorded and registered on d 30, 66, 
87, and 102. Data were analyzed using Proc MIXED with repeated measures and Proc CORR 
(SAS).  Housing environment (TRT) affected sow well-being traits.  Sows kept in FREE had 
greater (P < 0.05) mean BW, BF depth, BCS, and total lesions than sows in either STALL or 
FLEX. Sows kept in FREE had greater (P < 0.05) neutrophil and lymphocyte counts than did 
sows kept in either STALL or FLEX; while T-lymphocyte proliferation was greater (P < 0.05) 
for sows kept in STALL than for sows in FLEX or FREE.  Sows kept in FLEX performed more 
(P < 0.05) postural changes (stand, sit, lay) than did sows kept in either STALL or FREE.  Both 
frequency and duration of sham-chew behavior was greater (P < 0.01) for sows kept in FLEX 
compared with sows in other TRTs. When FLEX stall was expanded an additional 8cm in width 
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on d 89 of gestation, 24-h after expansion of stall width these sows had greater (P < 0.05) 
lymphocyte counts and lower neutrophil chemotaxis. There were treatment × day of gestation 
interactions for skin lesions and swelling scores, immune status, and oral behaviors (ONF). Total 
lesion scores were greater (P < 0.05) for sows kept in FREE system from d 45 to 110 of 
gestation compared with sows kept in either FLEX or STALL. Sows kept in FREE had greater 
(P < 0.05) neutrophil counts and CONA- induced lymphocyte proliferation on d 31 than did 
sows kept in either STALL or FLEX. On d 30 of gestation, sows kept in either FREE or FLEX 
performed greater (P < 0.05) bouts of ONF behavior than did sows kept in STALL.  Results 
indicate that alternative housing systems influence indicators of well-being; however, well-being 
was more influenced by physical components within alternative housing systems than the system 
itself. Therefore, these data strongly support that housing systems can be optimized when 
specific components of existing systems have been identified that improve sow well-being.  
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INTRODUCTION 
A major public issue for all US animal agriculture today is farm animal welfare.  
Assessments of farm animal well-being, using scientifically sound approaches are crucial to the 
sustainability of U.S. agriculture.  As intensification of animal systems increase, a more 
scientific understanding of animal care and management practices that may cause physiological 
and behavioral changes in animals is needed to ensure that animal well-being is not 
compromised.  Understanding the causes and effects of these changes will enable us to best 
assure the well-being of animals used for food. Researchers must scientifically develop, validate, 
and implement alternative housing system strategies that are practical and economically-feasible, 
as well as, effective at improving sow well-being.  An accurate and well-defined assessment of 
the welfare of the gestating sow is essential to the future of the livestock industry because many 
aspects of animal agriculture appear to have welfare implications associated with them.  In fact, 
such an assessment is essential to fulfilling agriculture's accountability to the public as well as 
increasing the efficiency of producing human food of animal origin.  
The most critical welfare concern facing the swine industry as a whole is related to sow 
housing management systems, specifically the 0.61 × 2.13 m enclosure used to house pregnant 
sows – the gestation stall. We must scientifically address the effects of this production 
environment on the overall welfare of the gestating sow.  To date, most studies indicate that 
other alternative housing systems do not necessarily improve sow well-being.  Sows housed in 
stalls or pens have similar mean values across all measures from both a biological and a 
statistical perspective.  Thus, no one system has been clearly identified that is optimal than 
another for sow welfare (McGlone et al., 2004a; Rhodes et al., 2005; Salak-Johnson et al., 2007; 
81 
 
Curtis et al., 2009).  But, there are apparent positive and negative aspects in all systems currently 
used. 
Therefore, the objective of this study was to evaluate the physical components within 
three housing systems on sow well-being using a multi-disciplinary approach. 
MATERIALS AND METHODS 
All sows were artificially inseminated within 24 h after estrus onset and again 24 h later. 
All newly bred sows were kept in individual stalls until d 30 of gestation. Pregnancy was 
detected at d 27 post-breeding using a Pharvision B-mode ultrasound machine (AV 2100V; 
Ambisea technology corp.) for trans-abdominal examinations, and then pregnant sows were 
allocated to their respective treatments based on sow body weight (BW) and parity. Multiparous 
sows were used ranging from parity 2 to 5. Sows remained in their respective gestation treatment 
groups until ~d110, when they were moved to a stall farrowing facility. Only sows confirmed 
pregnant were used in this study.    
Sows were housed in a well-insulated, mechanically ventilated room. The gestation room 
temperature was set at 22°C but temperatures varied across seasons (Table 4.1). Lighting was set 
at 12:12 hour light:dark schedule with lights on at 0600h and lights off at1800h. Flooring was 
slatted with partially solid floors near the front of each stall type. 
Eight blocks of 12 Crossbred Yorkshire sows each were allotted to one of three 
treatments (total n = 96 sows) over two consecutive parities. For each block, sows were 
randomly assigned to either a standard stall (STALL; control), a width adjustable stall (FLEX) or 
a free-access stall and pen (FREE). The control STALL was a commercially available 61 × 216 
cm standard gestation stall with a fitted feeding trough. The novel FLEX stall is not 
82 
 
commercially available and was designed by John Kane in collaboration with the University of 
Wisconsin. The FLEX was 216 cm long and has the capability to expand width based on the 
dimensions of the individual sow.  For the sows allocated to the FLEX stall, on d 29 of gestation 
the mid-girth of the sow was measured from top of the back to bottom of the udder to determine 
the adjustment needed to achieve an additional 2 cm space between sow and bottom of the stall 
on each side of the sow. On d 89 of gestation, FLEX width was expanded to achieve an 
additional 4 cm on each side of the sow that increased the width of the stall a full 8 cm. Sows 
kept in FLEX were floor-fed and the front gate was equipped with vertical bars with one nipple 
waterer located on the front side of the stall (Figure 4.1).              
FREE stalls were designed by LAAKE® and were 69 × 226 cm with additional access to 
a 2.44 × 1.46 m group-pen. In the FREE system sow have the freedom to choose an individual 
self-locking stall or a group-pen area.   Stalls in the FREE system were equipped with a trough 
for feeding and each stall space was equipped with one nipple water drinker. 
All sows were fed a typical gestation diet based of corn and soybean meal formulated to 
meet or exceed nutrient requirements (NRC, 1998). 
Performance and Productivity Measures 
Sow BW was recorded on d 0 (wean), 30, 89, and 110 of gestation. All sows were 
ultrasonically scanned using an Aloka Model 500V B-mode ultrasound scanner fitted with an 
Aloka 5011 probe (Corometrics Medical Systems, Wallingford, CT).  A longitudinal image was 
taken over the last rib and back-fat thickness (over the middle of the longissimus muscle) was 
measured. Body condition and skin lesion severity scores were made and recorded on d 0, 30, 45, 
60, 75, 89, 103, and 110 of gestation. Sow BCS was scored based on a scale of 1 (emaciated) to 
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5 (obese) according to methods previously described by Coffey et al. 1999. Skin lesion scores 
were made and recorded for each of the following body regions (Figure 4.2): head, ears, neck, 
chest/breast, shoulders, back, udder, rear, vulva, perineum, legs, and hooves. Sow skin lesion 
score was based on the presence or absence of new or old lesion in conjunction with severity of 
the wound. Scoring definitions were: 0 = normal (no lesions); 1 = dehairing, callus, balding; 2 = 
redness, swelling; 3 = swelling+ callus, abscess; 4 = moderate wound, scabbed over scratch; 5 = 
marked wound, fresh scratch; 6 = severe wound, open wound; and, 7 = severe swelling. Thus, a 
sow could receive a lesion score which ranged from 0 (normal, no lesions) to 7 (severe swelling) 
for any location on any particular day. Sows also, could receive a combined lesion score for a 
given location. For example, a sow might have at a certain location: dehairing (1), redness + 
swelling (2), swelling + callus (3), and marked wound/fresh scratch (5), for a total combined 
lesion score of 11. Standard litter traits were recorded: litter weight, number born alive, number 
laid on, number stillborn, number euthanized due to low birth weight or deformation, number 
weaned, weaning weight and piglet body weight gain. 
Physiological Measures  
A blood sample was collected from all sows from each treatment on d 0 (wean; immune 
function assays were excluded), 30, 31, 89, 90 (sows in FLEX only), and 110 of gestation. Blood 
samples (~10  mL) were obtained from sows by vena-puncture of the jugular vein using 
Vacutainers with heparin or EDTA.  Total white blood cell counts (WBC) were made 
electronically using a Coulter Z1 particle counter (Beckman Coulter) by adding 10 μL of whole 
blood to Isoflow® (10 mL; Beckman Coulter, Beckman, FL), and red blood cells were lysed 
with Zap-o-globin® (Beckman Coulter). Whole blood smears were made, fixed in methanol, 
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stained with Hema-3® staining system (Fisher Scientific, Houston, TX) and viewed under a light 
microscope to determine leukocyte differential counts.   
For functional immune assays, whole blood was diluted with Roswell Park Memorial 
Institute medium (RPMI; Gibco, Carlsbad, CA) layered over Histopaque® -1077, (density = 
1.077 g/mL; Sigma Aldrich, Saint Louis, MO) and -1119 (density = 1.119 g/mL; Sigma Aldrich) 
and centrifuged at 700g 30 min at 25°C.  Lymphocytes were removed from the 1077 layer, 
washed twice in RPMI, re-suspended, and counted.  Neutrophils were removed from the 1119 
layer, washed once, and then red blood cells were lysed from the neutrophil fraction, and washed 
again in RPMI.  Cell concentrations were adjusted with RPMI based on the specific immune 
assays’ respective requirements. 
Plasma Analysis 
Using a validated commercial radioimmunoassay (Coat-A-Count®, Los Angeles, CA) 
plasma cortisol concentrations were measured (Sutherland et al., 2005). Intra- and inter-assay 
CV were 4.5 % and 8.5 %, respectively.    
Immune Assays 
 Neutrophil chemotaxis was measured using an assay previously described by Salak et al. 
(1993). Neutrophils were used at a concentration of 3 × 10
6
 cells/mL to evaluate the ability of 
cells to migrate toward assay medium (control; random migration) or recombinant human 
complement-5a (10−7 M; Sigma Aldrich) and recombinant human IL-8 (100 µg/mL; Sigma 
Aldrich) (chemotaxis-directed migration).  
 Neutrophil phagocytosis was measured using a flow cytometry-based assay as previously 
described by Jolie et al. (1997) with minor modifications as described by Niekamp et al. (2006).  
85 
 
Fluorescent beads were pre-incubated 30 min with nonheat-inactivated porcine serum before 
adding beads to the samples at a 10:1 (beads-to-neutrophils) ratio and then cells and beads were 
incubated together for 45 min. The percentage of engulfment of beads by cells was evaluated 
using a flow cytometer. 
 Mitogen-induced lymphocyte proliferation assay was performed using a CellTiter 96® 
nonradioactive cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 
protocol with minor modification as previously described by Sutherland et al. (2005). Briefly, 
porcine lymphocytes were used at a concentration of 5  106 cells/mL and placed in triplicate 
into a sterile 96-well flat-bottom plate.  Concanavalin A (CONA; Sigma Aldrich) and 
lipopolysaccharide (LPS; Sigma Aldrich) were used as mitogens (0, 0.2, 2.0 and 20 µg/mL) to 
stimulate T and B cells, respectively. Plates were incubated 68 h at 37
o
C in a 5% CO2 humidified 
incubator and 15 µL Promega Dye were added to each well, and the plates were incubated 4 h. 
Promega Stop solution (100 µL) was added, and the plates were incubated overnight at 37ºC and 
then read using a microplate reader (BIO-TEK Instruments) at wavelength 550 nm with 
reference wavelength 690 nm.  The results are expressed as a proliferation index (PI): 
 
Optical density (550/690 nm) stimulated cells 
PI  =  
   Optical density (550/690 nm) non-stimulated cells 
 
 Natural killer (NK) cell cytotoxicity was measured using a commercially available 
nonradioactive cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN) as described 
previously by Sutherland et al. (2005).  Porcine lymphocytes were used as effector cells and K-
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562 chronic human myelogenous leukemia cells (American Tissue Type Culture Collection, 
Manassas, VA) were used as target cells.  Lymphocytes were adjusted to 1 × 10
7
 cells/mL and 
K-562 cells adjusted to a constant 10,000 cells per well.  Samples were run in triplicate at 
effector (lymphocytes) to target-cell (K-562) ratios of 12.5:1, 25:1, 50:1, and 100:1, respectively.  
Plates were read using a microplate reader (BIO-TEK Instruments) at wavelength 490 nm and 
reference wavelength 690 nm.  Percent cytotoxicity was calculated as described by Lumpkin and 
McGlone (1992) and an assay was considered valid if maximum release divided by spontaneous 
release was ≤ 20%. 
Behavioral Measures 
Sow behavior was recorded at 48 h speed on 8 h VHS tapes using time-lapse video 
recorders. Behavior was observed and registered in real-time for 24 h on d 29, 30, 66, 87, and 
102 of gestation during block 1 and 2. Data were divided into 6 periods per 24-h:period 1; 0300-
0700,  2; 0700-1100, 3; 1100-1500,4; 1500-1900, 5; 1900-2300, 6; 2300-0300. The behaviors 
were registered for each individual sow using continuous-sampling: drink, eat, lay, stand, sit, 
oral-nasal-facial (ONF), and sham-chew. Definitions of registered behaviors are represented in 
Table 4.2. Both frequency and duration of each behavioral bout were determined. 
Statistical Analyses 
Data were analyzed using SAS (SAS Inst. Inc., Cary, NC). All traits were tested for 
departures from a normal distribution. Natural logarithmic transformation was applied to all 
traits deviating from a normal distribution to facilitate the interpretation of results. A linear 
mixed effects model was used to analyze physiological measurements. The model included fixed 
effects of TRT (3 levels: CRATE, FLEX, and FREE), day of measurement (from day 0 to 110 of 
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gestation), the covariate of the corresponding blood measurement at the start of the trial (d 0), 
and interactions among those fixed effects.  A random effect of group (8 levels: sow groups 1 
through 8) was included in the model to account for potential environmental and management 
differences across groups. Measurements corresponding to space level stall were from a single 
sow and thus, the experimental unit was sow.  The model used for behavior and performance 
measurements was similar to physiological measurements except for time period was included in 
behavioral model.   Means were obtained using PROC MIXED of SAS.  PROC CORR of SAS 
was used to identify potential relationships among immune, behavior, and selected performance 
measures Significance was set at (P ≤ 0.05), and trends were discussed at (P ≤ 0.10). 
 
RESULTS 
There was a treatment × day of gestation interaction for total lesion scores across the 
entire body (P < 0.05; Figure 4.3).  When assessing lesions, on d 45, 60, 75, and 89 sows kept in 
FREE had greater (P < 0.05) lesion score than did sows kept in either STALL or FLEX, while 
sows in STALL had greater (P < 0.05) lesion score compared with sows kept in FLEX on d 45, 
60, and 89.  Later in gestation (d 103) sows kept in STALL and FREE had greater (P < 0.05) 
lesion score than sows kept in FLEX, while sows kept in FREE had greater (P < 0.05) lesion 
score than sows kept in FLEX on d 110.  
There was a treatment × day of gestation interaction for immune traits (P < 0.05).  Sows 
kept in FREE system had greater (P < 0.05) neutrophil counts and conA-induced lymphocyte 
proliferation on d 31 (24 h post treatment allotment) than did sows kept in either STALL or 
FLEX.  There was treatment × day of gestation interaction for postural, maintenance, and oral 
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behaviors (P < 0.05).  On d 30 of gestation (day of allotment) sows kept in FREE and FLEX 
performed greater (P < 0.05) bouts of ONF behavior than did sows in STALL. On d 87 (P < 
0.10) and d 102 (P < 0.05) sows kept in FLEX stall had greater frequency of stand and lay bouts 
than did sows kept in either FREE or STALL.  Furthermore, frequency of sit bouts was greater 
(P < 0.05) for sows kept in FLEX compared with those kept in FREE or STALL, on d 66 and 
102 of gestation.  
There were treatment × time period effects on postural, maintenance and oral behaviors 
(P < 0.05). During time period 1 (0300-0700 h), sows kept in FLEX had greater (P < 0.05) 
frequency of stand bouts than did sows kept in STALL; while during time period 2 (0700-1100 
h) sows kept in FLEX had greater (P < 0.05) frequency of stand bouts than did sows in either 
STALL or FREE. Sows kept in FLEX stalls also, stood more frequently (P < 0.05) than did sows 
kept in FREE system during time period 3 (1100-1500 h).  During time period 5 (1900-2300 h) 
sows kept in FREE had greater (P < 0.05) duration of lay behavior than did sows kept in 
STALL. Conversely, during time period 6 (2300-0300 h) sows kept in STALL and FLEX had 
greater (P < 0.05) duration of lay bouts than did sows kept in FREE.  Duration of sit bouts was 
greater (P < 0.05) for sows kept in FLEX compared to sows kept in either STALL or FREE 
system during time 1100-1500 h.  Duration of drink behavior was greater (P < 0.05) for sows 
kept in STALL compared to FREE system from 0700-1500 h; while sows kept in STALL had 
greater (P < 0.05) drink bouts than sows kept in FLEX stall during time period 4 (1500-1900 h).  
Sham-chew behavior was more (P < 0.01) frequent amongst sows kept in FLEX than for sows 
kept in either STALL or FREE during time periods 1 (0300-0700 h) and 3 (1100-1500 h); while 
sows kept in FLEX continued to sham-chew more (P < 0.01) frequently during time period 2 
(0700-1100 h) than did sows kept in STALL.  
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Housing Treatment Effects: Performance and Lesion Scores 
Shown in Tables 4.3 and 4.4 are probability values and means for effects of housing 
treatment on performance lesion traits for sows during gestation.   Main treatment effects were 
found for sow BW, BF depth, and BCS (P < 0.05; Table 4.3); with sow BW being greatest (P < 
0.05) for sows kept in FREE compared with sows kept in STALL. Similarly, sows kept in FREE 
system had greater (P < 0.05) back-fat depth and BCS than did sows kept in either FLEX or 
STALL.  As for litter characteristics only number of piglets that were euthanized due to low birth 
weight or deformation was significantly greater (P < 0.05) amongst sows kept in FREE 
compared to sows kept in FLEX stall. All other performance or litter traits were similar between 
housing systems (P > 0.10). 
Probability values and means for treatment effects on lesion scores are presented in Table 
4.4. Sows kept in FREE system had greater (P < 0.001) skin lesion score than did sows in either 
of the individual stall systems, while sows kept in STALL had greater (P < 0.01) lesion score 
than sows kept in FLEX.  Lesions on the head, ears, neck, shoulders, back, udder, rear, front and 
hind legs, and over the entire body were all influenced by housing treatment (P < 0.01).  Sows 
kept in FREE had greater (P < 0.001) skin lesion score on head, neck, shoulders, back, udder, 
rear, front and hind legs, and the entire body region than sows kept in either FLEX or STALL. 
Sows kept in STALL had greater (P < 0.001) skin lesion score on neck, rear, and over the entire 
body than did sows kept in FLEX. Furthermore, sows kept in STALL had greater (P < 0.001) ear 
lesion compared with sows kept in FLEX or FREE.  
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Housing Treatment Effects: Immune and Behavior Traits 
 Several immune traits including total WBC, neutrophil and lymphocyte counts, 
percentage of eosinophils, ConA-induced lymphocyte proliferation, and plasma cortisol were all 
affected by housing treatment (Table 4.5). Total WBC count tended to be greater (P < 0.10) for 
sows kept in STALL than for sows kept in FLEX. Sow kept in FREE system had greater (P < 
0.05) lymphocyte count than did sows kept in either individual stall type of FLEX or STALL; 
while neutrophil count tended to be greater (P < 0.10) for sows kept in FREE compared with 
sows kept in FLEX.  Sows kept in FREE had lower (P < 0.001) percentage of eosinophils than 
did sows kept in either individual stall treatments of FLEX or STALL. ConA-induced 
lymphocyte proliferation was greater (P < 0.05) for sows kept in STALL than sows kept in either 
FLEX or FREE system; while plasma cortisol concentration tended to be greater (P < 0.10) for 
sows kept in FREE than for sows kept in either FLEX or STALL.    
Shown in Table 4.6 are probability values and means for effects of housing system on 
sow behavior during gestation. Main treatment effects were found for frequencies of stand, eat, 
and sham-chew, as well as, duration of drink and sham-chew behaviors (P < 0.05; Table 4.6); 
with frequency of stand behavior being greatest (P = 0.05) amongst sows kept in FLEX stall than 
for  sows kept in either FREE or STALL. Frequency of eat bouts tended to be greater  (P < 0.10) 
for sows kept in FREE system compared with sows kept in either individual stall  type—FLEX 
or STALL. Both frequency (P < 0.01) and duration (P < 0.10) of sham-chew behavior were 
greater for sows kept in FLEX compared with sows kept in either FREE or STALL; while 
duration of drink behavior was greater (P < 0.01) for sows kept in STALL than for sows kept in 
either FREE or FLEX.  
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FLEX Width Expansion Effects 
Providing sows an additional 8 cm in the FLEX stall on d 89 of gestation had an effect on 
sow immune status 24-h later (P < 0.05; Table 4.7).  Following an increase in width of FLEX 
stall, sows kept in these stalls had greater (P < 0.05) lymphocyte counts and total WBC count (P 
< 0.10) compared to samples taken prior to width expansion. Conversely, neutrophil chemotaxis 
in response to both C5a and IL-8 was less (P < 0.01) for sows kept in FLEX, 24 h after width 
expansion.   
Correlation Analysis: Selected Performance, Immune and Behavior 
 Selected performance measures were correlated with NK cytotoxicity with  r-value ≥ 
0.25.  Sow BW was negatively correlated with NK cytotoxicity (r = -0.33, P < 0.05), but total 
lesion scores were positively correlated with NK cytotoxicity (r = 0.42, P < 0.05). 
Selected performance measures were correlated with numerous measures of well-being 
(P < 0.05), but the r-values were ≤ 0.25, but worth mentioning; for example, skin lesion and 
swelling measures were correlated with sow BW, BCS, and BF depth with both sow BCS (r = -
0.06, P = 0.078) and BF depth (r = -0.10, P = 0.015) negatively correlated with the total swelling 
and lesion score over the entire body of the sow and total wound scores were also negatively 
correlated (r = -0.11, P < 0.01) with BF depth. Conversely, BW was positively correlated (r = 
0.11, P < 0.01) with total swelling score.   Performance traits were correlated with immune traits 
(P< 0.05). Sow BW was negatively correlated (P < 0.05) with total WBC count (r = -0.16), 
lymphocyte count (r = -0.12), neutrophil count (r = -0.13), and neutrophil phagocytosis (r = -
0.20).  Sow BF depth was also negatively correlated (P < 0.05) with total WBC (r = -0.15) and 
neutrophil count (r = -0.18), and NK cytotoxicity (r = -0.18), but positively correlated (r = 0.10, 
P < 0.05), with neutrophil phagocytosis. Total lesion scores were negatively correlated (r = -
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0.12, P < 0.05) with total WBC count, but positively correlated (P < 0.05) with neutrophil 
phagocytosis (r = 0.14), and conA-induced lymphocyte proliferation (r = 0.14). 
 Behavioral measures were also correlated with sow BW, BCS, BF depth, and litter 
characteristics. Both sow BW (r = 0.12, P < 0.05) and BF depth (r = 0.10, P = 0.05) were 
positively correlated with sit behavior. Sow BW was negatively correlated (r = -0.14, P< 0.01) 
with stand behavior. Sow BW was also negatively correlated (r = -0.14, P< 0.01) with ONF 
behavior, but sow BW was positively correlated (r = 0.14, P < 0.01) with sham-chew behavior.  
Litter characteristics were also correlated with behavioral measures. Piglet mortality was 
negatively correlated with drink (r = -0.12, P < 0.01) and sham-chew (r = -0.10, P < 0.05) 
behaviors. Sham-chew behavior was also negatively correlated (r = -0.11, P < 0.05) with the 
number of piglets laid on. 
 
DISCUSSION 
Results reported within indicate that sow performance, productivity, immune status, and 
behavior were influenced by alternative individual housing systems—the FLEX stall and the 
FREE ACESS stall system (a combination system which included individual stalls with a group-
pen area).  These results are similar to findings reported by others that evaluated sow well-being 
in other types of alternative housing systems including group-pens, electronic sow feeding 
system, and turn-around stalls, but not limited to (Bergeron et al., 1996; Backus et al., 1997; 
Cariolet et al., 1997; Geverink et al., 2004; Chapinal, 2006; Salak-Johnson et al. 2007; Salak-
Johnson et al., Forthcoming). Determining which physical components within housing systems 
that can positively or negatively influence sow well-being is vital to optimizing alternative 
housing systems for gestating sows without compromising sow well-being while sustaining 
animal agriculture.  Results within indicate that these physical components assessed (i.e. width 
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dimension and group-pen utilization) do influence indicators of well-being and therefore, should 
be considered prior to implementing alternative housing systems.  
Alternative Housing Systems Impact on Sow Well-being 
When comparing two alternative housing systems to a standard gestation stall, results 
suggest that lesions and behavior are more affected by housing design than either performance 
traits or endocrine and immune statuses. However, the internal physical components that 
comprise each alternative housing system may evoke more of a biological response than the 
housing system per se.  For example, sows kept in a FLEX stall made more postural changes 
before, during and after feeding than sows kept in other housing systems indicating that the 
amount of “space” within an individual stall can influence behaviors in the sense that the 
additional space made it “easier” for the sows to make these postural changes.  This theory 
corroborates previous research, in which McFarlane et al. (1998) and Bergeron et al. (1996) 
reported that increasing the “biological cost” of turning by reducing the width of the stall did 
reduce the number of turns gilts made, suggesting that the more space provided allows for more 
postural changes possibly because they can do it with ease. Conversely, Cariolet et al. (1997) 
reported that as space within a stall is increased sows will lay more often and this is indicative of 
“sow comfort”. Therefore, implying that frequent adjustments is indicative of sow discomfort, or 
these frequent adjustments could be due to frustration or strong motivation to access specific 
objects desired yet are unobtainable, but most likely ease or comfort to change postures in a 
larger stall, similar to McFarlane et al. (1998) and Bergeron et al. (1996). Regardless, we cannot 
determine based on postural results within that well-being is either improved or reduced (Curtis 
et al., 1989; Anil et al., 2002; McGlone et al., 2004).  Furthermore, oral activity (i.e., sham-
chew) was also impacted by housing environment and anticipation of feeding, specifically 
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among sows kept in the FLEX stall before, during, and after feeding, which was similar to 
previous research findings, in that sows in group-pens and girth-tethers expressed more oral 
activity due to hunger motivation before, during, and after feeding compared to sows kept in 
group-pens (Blackshaw and McVeigh, 1984; Vieulle-Thomas et al., 1995). We hypothesize that 
certain patterns of ONF behavior in anticipation of feeding is common, therefore the increase in 
sham-chew behavior and postural changes by sows in the FLEX stall around feeding time may 
be due to the inability of these sows to perform ONF behavior (i.e., bar-biting) due to the design 
of the front gate of the FLEX stall which does not enable a sow to perform this behavior (vertical 
vs. horizontal bars).  The direction of the bars inhibits the ability of the sow to bar-bite, hence 
sows may compensate for the innate drive or motivation to “chew” by sham-chewing (phantom 
chewing) due to the absence of a substrate to chew on.  Moreover, the increase in postural 
changes and sham-chew behavior appear to be in response to a strong motivation to access 
manipulable environmental components within FLEX that are not directly obtainable to the sow 
(i.e., horizontal bars). Others have proposed similar theories related to the concept that oral 
activity may not always equate to a stereotypy, but be more of an innate behavior in which 
physical components (i.e. bar direction) would either encourage or hinder oral activity, which 
potentially could influence welfare (Daily and McGlone, 1997; McGlone et al., 2004a; Salak-
Johnson, 2007).  This design flaw (bar direction) in the front gate of the FLEX stall did 
potentially cause an increase in postural changes and sham-chew behavior, and may have caused 
the increase in dehairing and callus skin, specifically on the front knee joints of sows, which was 
observed but not reported.  During postural changes, sows will slowly adjust from one position 
to the other using the front legs to complete the adjustment, therefore the more frequent these 
postural changes occur the more sows are applying pressure to the front knees (Curtis et al., 
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1984; McGlone et al., 2004b). Another theory with evidence to support it is that the only 
horizontal bar sows have access to are located at the bottom of the front gate of FLEX, forcing 
sows to lower their body onto their front knees in order to bar-bite causing the dehaired and 
callused skin on the knees as well as an increase in sham-chew behavior. Therefore indicating 
that ONF or bar-biting behavior may not be an indicator of poor well-being, but in fact more of a 
coping mechanism that is needed, and if we don’t allow sows to perform these oral behaviors 
sows will either try to obtain access to manipulable material in order to bar-bite, or perform 
alternative behaviors (i.e., sham-chew)  
The rationale behind the concept of the FLEX stall was to design a stall that would 
accommodate the dimensional needs of the gestating sow by expanding the width during late 
gestation.  Results reported herein indicate that providing sows with an additional 8 cm of space, 
late in gestation affects the immune status.  An increase in total WBC and lymphocyte counts, as 
well as, a slight biological increase in NK cytotoxicity could suggest activation of the immune 
system or reduced stress; however the significant decrease in neutrophil migration implies that 
functionality of the innate immune response was altered. Therefore, indicating a shift in the 
immune system to balance the disruption between Th1 and Th2, thus attempting to achieve a 
state of biological homeostasis (Salak-Johnson and McGlone, 2007). Nevertheless, expanding 
the width of a stall influenced several indicators of well-being, thus based on all measures of 
well-being assessed we hypothesize that modifying the design of the front gate of the FLEX stall, 
to allow or encourage bar-biting or ONF behavior, could allow sows to achieve a biological 
balance and thus increase the immune benefits of expanding the stall even more so, resulting in 
overall improved well-being.     
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When comparing the FREE system to the standard gestation STALL few biologically 
relevant results were reported.  Lesions were found to be significantly greater amongst sows kept 
in FREE system compared with sows kept in either of the individual stall types. This increase in 
lesions did seem to influence and other physiological indicators of well-being, which is similar to 
other findings reported (Salak-Johnson et al., 2007; Salak-Johnson et al., Forthcoming). For 
example, total lesion scores were positively correlated with more functional aspects of the 
immune system (neutrophil chemotaxis and phagocytosis, and lymphocyte proliferation and NK 
cytotoxicity).  Salak-Johnson et al. (Forthcoming) reported similar results, with sow body lesion 
score positively correlated with conA-induced lymphocyte proliferation, neutrophil chemotaxis, 
and neutrophil phagocytosis.  Sows kept in FREE system (which had the greatest lesion scores) 
had greater neutrophil and lymphocyte counts but lower conA-induced lymphocyte proliferation 
than sows kept in STALL, therefore corroborating the theory that an increase in lesions may 
influence physiological responses due to the natural biological pathway of the immune response 
to heal.  It is a natural biological response for immune status to shift when experiencing any form 
of physiological ailment and therefore this should be expected. These biological changes are 
natural responses to lesions or wounds received during agonistic encounters. If biological 
changes were not occurring then that could be indication of compromised immune response due 
to distress (Trevisi and Bertoni, 2009) 
Sows kept in FREE system had greater BW than sows kept in either of the individual stall 
treatments, which was similar to previous research (Salak-Johnson et al. 2007).   However, these 
statistical differences, did not equate to relevant biological differences per se in greater mean 
BW and BF depth found among sows kept in FREE compared with sows kept in either of the 
other treatments. This slight increase in BW and BF depth could be due to the ability to 
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thermoregulate more efficiently in FREE.  Some sows in  either individual stall type might have 
retained less dietary ME because they had less opportunity to huddle on those occasions when 
temperature in the sow micro-environment was not ideal (Verstegen and Curtis, 1988; Salak-
Johnson et al., 2007). Another theory is that sows in FREE might have accumulated more muscle 
mass due to the ability to walk (Marchant and Broom, 1996), and this might have resulted in an 
increase in BW. Overall, very few biological differences were found when comparing sows kept 
in FREE to sows kept in either of the individual stall systems, indicating that industry standards 
of well-being exist across various sow housing systems. 
IMPLICATIONS 
 When implementing alternative housing systems, physical and biological components 
within systems should be considered.  Results indicate that these internal physical components 
influence sow well-being more than the housing system itself.  When comparing housing 
systems, very few biological differences were found, however, determining which components 
within those systems are compromising the sow’s genetic potential, and correcting those flaws, 
may be more influential in improving animal well-being than implementing entire housing 
systems.  These results indicate that optimizing existing and new keeping systems is achievable 
to improve sow well-being, by determining the flaws and making appropriate corrections both 
physically and biologically. 
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TABLES AND FIGURES 
Table 4.1 Indoor temperatures across replicates   
Replicate Season1 Mean Temperature (C°)2 
1 Fall 21.6 
2 Winter 20.2 
3 Summer 23.1 
4 Fall 20.7 
5 Winter 20.1 
6 Summer 24.7 
7 Fall 21.7 
8 Spring 22.1 
1
 Season that replicate began. 
2
 Mean temperature of the week that each replicate started. 
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Table 4.2 Definitions of registered behaviors 
Behavior Description 
Lie Sow reclining in ventral or lateral position 
Sit Sow supported by two front legs 
Stand Sow supported by all four legs 
Eat Sow’s snout/mouth in contact with feed 
Drink Sow’s snout/mouth in contact with nipple waterer 
Oral-nasal-facial  Sow’s snout or mouth in contact with any object besides food or water 
Sham-chew Sow’s mouth empty while moving jaw in a repetitive chewing motion 
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Table 4.3 Main effects of treatment on productivity and litter-related traits for sows in 
alternative housing systems or individual stalls during gestations (least squares means ± 
SE) 
 
 
Gestation Treatment 
 
Item FLEX FREE STALL P-value 
BW d 0, kg 199 ± 3.5 202 ± 3.5 195 ± 3.5 0.533 
BW d 30, kg 199 ± 3.5 202 ± 3.5 196 ± 3.5 0.646 
BW d 89, kg 219 ± 3.5 224 ± 3.5 217 ± 3.5 0.313 
BW d 110, kg 229 ± 3.5 234 ± 3.5 227 ± 3.5 0.393 
Mean BW, kg 212 ± 1.7
a,b
 215 ± 1.7
a
 209 ± 1.7
b
 0.034 
BW change (d 0 to 30), kg -0.11 ± 1.5 -1.0 ± 1.5 0.59 ± 1.6 0.486 
BW change (d 30 to 89), kg 18 ± 1.6 22 ± 1.6 21 ± 1.6 0.257 
BW change (d 89 to 110), kg 10 ± 1.6 9.5 ± 1.6 10 ± 1.6 0.720 
Mean BW change, kg 9.4 ± 0.94 10 ±  0.94 10 ± 0.94 0.736 
Mean backfat, 2 cm 1.66 ± 0.03
b
 1.88 ± 0.03
a
 1.66 ± 0.03
b
   < 0.001 
BCS, 1-5 3.14 ± 0.05
b
 3.29 ± 0.05
a
 3.10 ± 0.05
b
 0.031 
Litter size, No. 10.3 ± 0.6 10.8 ± 0.6 9.9 ± 0.6 0.587 
Born alive, No./litter 9.0 ± 0.4 8.8 ± 0.5 8.2 ± 0.5 0.494 
Weaned, No./litter 8.0 ± 0.4 8.0 ± 0.4 7.7 ± 0.4 0.847 
Litter birth BW, kg 1.5 ± 0.04 1.5 ± 0.04 1.5 ± 0.04 0.999 
Litter weaning BW, kg 6.5 ± 0.2 6.4 ± 0.2 6.3 ± 0.2 0.795 
Pig BW gain (birth to wean), kg 5.1 ± 0.1 4.9 ± 0.1 4.8 ± 0.1 0.504 
Laid on, No. 0.61 ± 0.2 0.38 ± 0.2 0.47 ± 0.2 0.685 
Stillborn, No. 0.48 ± 0.2 0.90 ± 0.2 0.63 ± 0.2 0.221 
Euthanized, No. 0.23 ± 0.1
b
 0.72 ± 0.1
a
 0.56 ± 0.1
a,b
 0.123 
Total mortality, No. 2.3 ± 0.4 2.7 ± 0.4 2.1 ± 0.4 0.601 
a-c
 Within a row, means without a common superscript letter differ (P < 0.05). 
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Table 4.4 Main effects of treatment on lesion score for sows in alternative housing systems 
or individual stalls during gestation (least squares means ± SE) 
 
Gestation Treatment  
Item
1
 FLEX FREE STALL P-Value 
Total lesion score  4.39 ± 0.31
c
 9.27 ± 0.31
a
 5.81 ± 0.31
b
 <0.001 
Head  0.84 ± 0.1
b
 1.60 ± 0.1
a
 1.03 ± 0.1
b
 <0.001 
Ears 0.27 ± 0.09
b
 0.41 ± 0.09
b
 1.35 ± 0.09
a
 <0.001 
Neck 0.23 ± 0.08
c
 0.82 ± 0.08
a
 0.46 ± 0.08
b
 <0.001 
Shoulders 0.60 ± 0.1
b
 1.57 ± 0.1
a
 0.45 ± 0.1
b
 <0.001 
Back 0.24 ± 0.08
b
 1.19 ± 0.08
a
 0.24 ± 0.05
b
 <0.001 
Udder 0.08 ± 0.05
b
 0.31 ± 0.05
a
 0.08 ± 0.05
b
   0.001 
Rear 0.25 ± 0.09
c
 1.34 ± 0.09
a
 0.62 ± 0.09
b
 <0.001 
Front legs 0.17 ± 0.06 0.20 ± 0.06 0.19 ± 0.06   0.899 
Hind legs 0.06 ± 0.04 0.10 ± 0.04 0.04 ± 0.04   0.496 
a-c
 Within a row, means without a common superscript letter differ (P < 0.05). 
1
Lesion definitions were: 0 = normal (no lesions); 1 = dehairing, callus, balding; 2 = redness, swelling; 3 
= swelling+ callus; 4 = moderate wound, scabbed over scratch; 5 = marked wound, fresh scratch; 6 = 
severe wound, open wound; and 7 = severe swelling. 
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Table 4.5 Main effects of treatment on endocrine and immune status of sows in alternative 
housing systems or individual stalls during gestation (least squares means ± SE) 
 
 
Gestation Treatment 
 
Immune trait FLEX FREE STALL P-value 
Total WBC, 10
7
/mL 2.22 ± 0.06
b
 2.30 ± 0.06
a,b
 2.41 ± 0.06
a
 0.073 
Neutrophils, 10
7
/mL 4.73 ± 0.17
b
 5.26 ± 0.17
a
 5.03 ± 0.17
a,b
 0.093 
Lymphocyte, 10
7
/mL 2.54 ± 0.09
b
 2.87 ± 0.09
a
 2.62 ± 0.09
b
 0.022 
Neutrophils, % 39.9 ± 1.0 38.9 ± 1.0 38.8 ± 1.0 0.718 
Lymphocytes, % 50.2 ± 1.0 53.2 ± 1.0 52.1 ± 1.0 0.124 
Monocytes, % 3.77 ± 0.2 3.54 ± 0.2 3.41 ± 0.2 0.528 
Eosinophils, % 6.03 ± 0.3
a
 4.42 ± 0.3
b
 5.41 ± 0.3
a
 0.001 
Neutrophil-to-lymphocyte ratio 0.96 ± 0.07 0.93 ± 0.07 0.85 ± 0.07 0.573 
Phagocytosis, % 55.2 ± 1.2 58.2 ± 1.2 55.6 ± 1.2 0.146 
LPS-induced proliferation 02 1.39 ± 0.08 1.22 ±  0.08 1.33 ± 0.08 0.303 
ConA-induced proliferation 02 1.25 ± 0.13
b
 1.38 ± 0.13
b
 1.76 ± 0.13
a
 0.019 
NK cytotoxicity, % 25:1 39.8 ± 5.4 44.9 ± 5.2 43.3 ± 5.4 0.789 
Chemotaxis, IL-8 53.1 ± 7.1 54.7 ± 7.7 59.6 ± 6.7 0.785 
Chemotaxis, C5a 50.01 ± 5.9 54.1 ± 6.2 60.1 ± 5.7 0.467 
Plasma cortisol, ng/mL 29.9 ± 1.3
b
 33.9 ± 1.3
a
 30.2 ± 1.3
a,b
 0.087 
a-c
 Within a row, means without a common superscript letter differ (P < 0.05). 
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Table 4.6 Main effects of treatment on frequency and duration of postural, 
maintenance, and stereotypic behavior for sows in alternative housing systems or 
individual stalls during gestation (least squares means ± SE) 
 Gestation Treatment  
 Behavior  FLEX FREE STALL P-value 
Lay      
Frequency, no. 16.27 ± 1.4 13.2 ± 1.3 12.6 ± 1.3 0.133 
Duration, min 80.8 ± 4.8 82.5 ± 4.4 81.9 ± 4.4 0.966 
Sit     
Frequency, no. 8.8 ± 1.3 8.5 ± 1.1 7.9 ± 1.2 0.881 
Duration, min 2.0 ± 0.3 1.2 ± 0.3 1.5  ± 0.3 0.169 
Stand     
Frequency, no. 14.8 ± 1.2
a
 11.3 ± 1.1
b
 11.1 ± 1.1
b
 0.050 
Duration, min 22.8 ± 3.0 21.5 ± 2.8 27.0 ± 2.8 0.343 
Eat     
Frequency, no. 4.5 ± 1.0
a,b
 4.6 ± 1.0
a
 1.8 ± 1.0
b
 0.082 
Duration, min 20.6 ± 3.4 14.6 ± 3.2 16.8 ± 3.0 0.438 
Drink      
Frequency, no. 22.1 ± 4.3 16.4 ± 3.9 17.8 ± 4.2 0.613 
Duration, min 0.33 ± 0.06
b
 0.33 ± 0.05
b
 0.54 ± 0.05
a
 0.004 
ONF     
Frequency, no. 35.9 ± 3.7 33.6 ± 3.3 30.8 ± 3.5 0.588 
Duration, min 6.4 ± 1.3 6.7 ± 1.2 7.9 ± 1.2 0.638 
Sham chew    
Frequency, no. 32.8 ± 3.7
a
 18.9 ± 3.4
b
 18.1 ± 3.6
b
 0.009 
Duration, min 3.1 ± 0.3
a
 2.4 ± 0.3
a,b
 2.2 ± 0.3
b
 0.074 
a-c
 Within a row, means without a common superscript letter differ (P < 0.05). 
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Table 4.7 Effect of width expansion late in gestation on endocrine and immune status 
of sows kept in FLEX (least squares means ± SE) 
 FLEX width expansion time points  
Immune trait 
Pre-adjustment 
24 h post-
adjustment 
P-value 
Total WBC, 10
7
/mL 2.18 ± 0.14 2.53 ± 0.14 0.085 
Neutrophils, 10
7
/mL 4.69 ± 0.31 4.44 ± 0.32 0.567 
Lymphocyte, 10
7
/mL 2.21 ± 0.15
b
 2.72 ± 0.15
a
 0.021 
Neutrophils, % 40.1 ± 2.4 41.5 ± 2.5 0.675 
Lymphocytes, % 50.5 ± 1.0 49.1 ± 1.0 0.685 
Monocytes, % 3.3 ± 0.5 3.9 ± 0.5 0.452 
Eosinophils, % 6.3 ± 1.2 5.3 ± 1.2 0.564 
Neutrophil-to-lymphocyte ratio 0.96 ± 0.2 0.98 ± 0.2 0.944 
Phagocytosis, % 57.2 ± 2.9 62.3 ± 3.0 0.232 
LPS-induced proliferation 02 1.21 ± 0.14 1.27 ±  0.16 0.753 
ConA-induced proliferation 02 1.30 ± 0.08 1.35 ± 0.09 0.698 
NK cytotoxicity, % 25:1 30.4 ± 7.6 49.5 ± 10.5 0.167 
Chemotaxis, IL-8 54.0 ± 6.0
a
 13.9 ± 7.0
b
 0.001 
Chemotaxis, C5a 62.6 ± 7.9
a
 25.2 ± 9.7
b
 0.005 
Plasma cortisol, ng/mL 30.6 ± 3.0 28.2 ± 3.1 0.569 
a,b
 Within a row, means without a common superscript letter differ (P < 0.05). 
c,d
 Within a row , means without a common superscript letter differ (P < 0.10). 
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Figure 4.1 FLEX design 
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Figure 4.2 Body location for lesion scoring 
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Figure 4.3 Effect of treatment and day of gestation on total lesion score assessed over 
the entire body of sows kept in alternative housing systems 
 
a-c
 Within a day of gestation, means without a common superscript letter differ (P < 0.05). 
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Chapter 5. 
EFFECT OF SOCIAL STATUS ON SPACE UTILIZATION AND WELL-BEING OF 
GESTATING SOWS KEPT IN A FREE-ACCESS STALL SYSTEM 
ABSTRACT:  Housing systems that provide access to individual stalls and group-pens are being 
implemented without scientifically evaluating the impact that social status of sows kept in these 
systems has on sow preference of stall or group-pen, as well as, well-being. The objective of this 
study was to evaluate the impact of social rank within a free-access stall system on sow well-
being and space utilization. On d 30 of gestation, 32 multi-parous sows were allocated to a free 
access stall-pen system. Dominant and submissive sows were identified based on aggressive 
encounters, dyadic fighting wins and losses, and displacement between sows.  Sow BW and 
back-fat depth were measured on d 0 (wean), 30, 89, and 110. Lesion severity and BCS were 
assessed on d 0, 30, 45, 60, 75, 89, 103, and 110. Immune and endocrine status was measured on 
d 0, 30, 31, 89, and 110. Behavior was recorded and registered on d30, 66, 87, and 102. Data 
were analyzed using Proc MIXED with repeated measures and Proc CORR (SAS).  There were 
social status × day of gestation interactions for BW, immune traits, behavior, and group-pen 
utilization. Overall, dominant sows had greater BW (d 110; P < 0.10) and BW gain (d 89-110; P 
< 0.05) late in gestation compared to submissive sows. On d 31, total WBC count was less (P < 
0.05), while lymphocyte count, percentage of neutrophils, and neutrophil chemotaxis were 
greater for submissive sows.  Sow social rank did influence litter trait; dominant sows produced 
piglets with greater (P < 0.05) birth weight than did submissive sows. Sow social rank greatly 
influenced utilization of space within a free-access stall system (P < 0.05); dominant sows spend 
greater (P < 0.001) percentage of time in group-pen area than did submissive sows.  These data 
imply that submissive sows utilize an individual stall compared with dominant sows and 
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submissive sows gain less BW during late gestation and produce piglets with smaller birth 
weight compared with dominant sows.  Thus, within a free-access stall system, social status of a 
sow may dictate the type of space (stall vs. pen) she prefers and ultimately social status may 
impact indicators of well-being. Moreover, the needs of a sow may differ based on social status. 
Hence, social status is one factor that should be considered when designing and managing these 
alternative housing systems that include a group-pen area.    
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INTRODUCTION 
Swine welfare has become one of the most controversial issues discussed in animal 
agriculture. Assessments of farm animal well-being, using scientifically sound approaches are 
crucial to the sustainability of US agriculture.  Currently in the U.S., use of individual gestation 
stalls has been banned via public referenda in Florida, Arizona, California and new bills are 
continuously being introduced in several other pork producing states. These bans have forced 
producers to implement alternative housing systems using a group-pen system. Various 
alternative housing systems have been designed using group-pens as well as individual stalls 
within group-pens. Understanding the causes and effects of these changes will enable scientists 
to best assure the well-being of sows. Researchers must scientifically determine how these 
alternative housing systems not only influence animal well-being, but the biological changes that 
occur due to social stress of various ranking sows before being implemented. An accurate and 
well-defined assessment of the welfare of the gestating sow is essential to the future of the 
livestock industry because many aspects of animal agriculture appear to have welfare 
implications associated with them.  In fact, such an assessment is essential to fulfilling 
agriculture's accountability to the consuming public, as well as, sustaining a safe and affordable 
source of protein for the constantly growing population.  
One of the most common alternative systems used in the European Union that has been 
praised by the public is known as the free-access stall system. This system is one of the few that 
allows the individual sow to choose to utilize a group pen or an individual stall.  When using 
such a multi-faceted system that allows sows to determine their own microenvironment 
implications can occur. Group-pens allow sows to physically interact with one another and can 
result in aggression and potentially compromise well-being, primarily of submissive sows. 
116 
 
Understanding the social status of sows with U.S. genetics kept in a free-access stall system is 
vital to optimizing physical internal components, so that sow welfare is not compromised when 
implementing alternative systems in the U.S.  Therefore, the objective of this study was to 
evaluate how social status impacts sow well-being and group-pen utilizations when kept in a 
free-access stall system, using a multi-disciplinary approach. 
MATERIALS AND METHODS 
All sows were artificially inseminated within 24 h after estrus onset and again 24 h later. 
Pregnancy was detected at d 27 post-breeding using a Pharvision B-mode ultrasound machine 
(AV 2100V; Ambisea technology corp.) for trans-abdominal examinations, and then pregnant 
sows were allocated to the free-access system based on BW and parity. Multiparous sows were 
used ranging from 2-5.  Prior to moving sows to free-access stall system, all newly bred sows 
were kept in individual stalls.  Sows remained in gestation housing system until ~d 110, when 
they were moved to a stall farrowing facility. Sows diagnosed open any time after allotment, 
remained in their respective treatment to maintain group hierarchy, but data was no longer 
collected on those individuals.  
Sows were housed in a well-insulated, mechanically ventilated room. The temperature of 
the gestation room was set at 22° C. Temperatures varied between seasons (Table 5.1). Lighting 
was set at 12:12 hour light:dark schedule with lights on from 0600-1800 h. Flooring was slatted 
in the group-pen with partially solid floors near the front of each individual stall within the free-
access stall system. 
Eight blocks of 4 sows were allotted to the free-access stall system (n = 32). Group size 
was held constant at 4 sows per block due to number of stalls available within the free-access 
stall system.  Free-access stalls were designed by LAAKE® and are 69 × 226 cm with additional 
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access to a 2.44 × 1.46 m group-pen area. Free-access housing system allows sow to choose 
when and if to utilize a group-pen area or an individual self-locking stall.  Sows were provided 
water ad libitum, each stall space was equipped with one nipple water drinker.  Sows kept in 
free-access system were fed via trough.  Sows were fed a typical gestation diet based on corn and 
soybean meal, in which nutrients were present at concentrations that are at or above current 
requirement estimates (NRC, 1998).   
Social Status 
 Social status was determined in each block by both live behavioral observations and 
video records during the first 48 h after being allotted to the free-access stall system in each 
block.  If social status could not be determined within the first 48 h due to lack of social 
interaction, proceeding days of gestation would be observed until proper behaviors were 
observed in order to confirm social hierarchy. Behaviors used to determine social status were 
agonistic encounters, aggression, and displacement.  Each bout of dyadic fighting determined a 
winner and loser, therefore allowing determination of social rank amongst those sows.  Social 
status was only determined once each animal in the group-pen was engaged in one of the 
previously stated behaviors at least twice with each con-specific kept in the free-access stall 
system. Previous studies reported the percentage of agonistic encounters won was highly 
correlated with displacement success over valuable resources (Tanida et al., 1993; Andersen et 
al., 1999; Kranendonk et al., 2007). We therefore, concluded that assessing agonistic encounters, 
displacement, and additionally aggression in the present study was more than suitable for 
determining social status in all animals. The sows were then labeled as 1 of 4 social ranks: 
dominant, moderate-dominant, submissive-dominant, and submissive and for analyses were 
categorized into either dominant sows or submissive sows. 
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Performance and Productivity Measure  
Sow BW was recorded on d 0 (wean), 30, 89, and 110 of gestation. All sows were 
ultrasonically scanned using an Aloka Model 500V B-mode ultrasound scanner fitted with an 
Aloka 5011 probe (Corometrics Medical Systems, Wallingford, CT).  A longitudinal image was 
taken over the last rib and back-fat thickness (over the middle of the longissimus muscle) was 
measured. Body condition and skin lesion severity scores were made and recorded on d 0, 30, 45, 
60, 75, 89, 103, and 110 of gestation. Sow BCS was scored based on a scale of 1 (emaciated) to 
5 (obese) according to methods previously described by Coffey et al. 1999. Skin lesion scores 
were made and recorded for each of the following body regions (Figure 4.2): head, ears, neck, 
chest/breast, shoulders, back, udder, rear, vulva, perineum, legs, and hooves.  Sow skin lesion 
score was based on the presence or absence of new or old lesion in conjunction with severity of 
the wound. Scoring definitions were: 0 = normal (no lesions); 1 = dehairing, callus, balding; 2 = 
redness, swelling; 3 = swelling+ callus, abscess; 4 = moderate wound, scabbed over scratch; 5 = 
marked wound, fresh scratch; 6 = severe wound, open wound; and, 7 = severe swelling. Thus, a 
sow could receive a lesion score which ranged from 0 (normal, no lesions) to 7 (severe swelling) 
for any location on any particular day. Sows could receive a combined lesion score for a given 
location. For example, a sow might have at a certain location: dehairing (1), redness + swelling 
(2), swelling + callus (3), and marked wound/fresh scratch (5), for a total combined lesion score 
of 11. Standard litter traits were recorded: litter weight, number born alive, number laid on, 
number stillborn, number euthanized due to low birth weight or deformation, number weaned, 
weaning weight and piglet body weight gain. 
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Physiological Measures  
A blood sample was collected from all sows from each treatment on d 0 (wean; immune 
function assays were excluded), 30, 31, 89, and 110 of gestation. Blood samples (~10  mL) were 
obtained from sows by vena-puncture of the jugular vein using Vacutainers with heparin or 
EDTA.  Total white blood cell counts (WBC) were made electronically using a Coulter Z1 
particle counter (Beckman Coulter) by adding 10 μL of whole blood to Isoflow® (10 mL; 
Beckman Coulter, Beckman, FL), and red blood cells were lysed with Zap-o-globin® (Beckman 
Coulter). Whole blood smears were made, fixed in methanol, stained with Hema-3® staining 
system (Fisher Scientific, Houston, TX) and viewed under a light microscope to determine 
leukocyte differential counts.   
For functional immune assays, whole blood was diluted with Roswell Park Memorial 
Institute medium (RPMI; Gibco, Carlsbad, CA) layered over Histopaque® -1077, (density = 
1.077 g/mL; Sigma Aldrich, Saint Louis, MO) and -1119 (density = 1.119 g/mL; Sigma Aldrich) 
and centrifuged at 700g 30 min at 25°C.  Lymphocytes were removed from the 1077 layer, 
washed twice in RPMI, re-suspended, and counted.  Neutrophils were removed from the 1119 
layer, washed once, and then red blood cells were lysed from the neutrophil fraction, and washed 
again in RPMI.  Cell concentrations were adjusted with RPMI based on the specific immune 
assays’ respective requirements. 
Plasma Analysis 
Using a validated commercial radioimmunoassay (Coat-A-Count®, Los Angeles, CA) 
plasma cortisol concentrations were measured following the assay protocol (Sutherland et al., 
2005). Intra- and inter-assay CV were 4.5 % and 8.5 %, respectively.    
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Immune Assays 
 Neutrophil chemotaxis was measured using an assay previously described by Salak et al. 
(1993). Neutrophils were used at a concentration of 3 × 10
6
 cells/mL to evaluate the ability of 
cells to migrate toward assay medium (control; random migration) or recombinant human 
complement-5a (10−7 M; Sigma Aldrich) and recombinant human IL-8 (100 µg/mL; Sigma 
Aldrich) (chemotaxis-directed migration).  
 Neutrophil phagocytosis was measured using a flow cytometry-based assay as previously 
described by Jolie et al. (1997) with minor modifications as described by Niekamp et al. (2006).  
Fluorescent beads were pre-incubated 30 min with nonheat-inactivated porcine serum before 
adding beads to the samples at a 10:1 (beads-to-neutrophils) ratio and then cells and beads were 
incubated together for 45 min. The percentage of engulfment of beads by cells was evaluated 
using a flow cytometer. 
 Mitogen-induced lymphocyte proliferation assay was performed using a CellTiter 96® 
nonradioactive cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 
protocol with minor modification as previously described by Sutherland et al. (2005). Porcine 
lymphocytes were used at a concentration of 5  106 cells/mL and placed in triplicate into a 
sterile 96-well flat-bottom plate.  Concanavalin A (CONA; Sigma Aldrich) and 
lipopolysaccharide (LPS; Sigma Aldrich) were used as mitogens (0, 0.2, 2.0 and 20 µg/mL) to 
stimulate T and B cells, respectively. Plates were incubated 68 h at 37
o
C in a 5% CO2 humidified 
incubator and 15 µL Promega Dye were added to each well, and the plates were incubated 4 h. 
Promega Stop solution (100 µL) was added, and the plates were incubated overnight at 37ºC and 
then read using a microplate reader (BIO-TEK Instruments) at wavelength 550 nm with 
reference wavelength 690 nm.  The results are expressed as a proliferation index (PI): 
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Optical density (550/690 nm) stimulated cells 
PI  =  
   Optical density (550/690 nm) non-stimulated cells 
 
 Natural killer (NK) cell cytotoxicity was measured using a commercially available 
nonradioactive cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN) as described 
previously by Sutherland et al. (2005).  Briefly, porcine lymphocytes were used as effector cells 
and K-562 chronic human myelogenous leukemia cells (American Tissue Type Culture 
Collection, Manassas, VA) were used as target cells.  Lymphocytes were adjusted to 1 × 10
7
 
cells/mL and K-562 cells adjusted to a constant 10,000 cells per well.  Samples were run in 
triplicate at effector (lymphocytes) to target-cell (K-562) ratios of 12.5:1, 25:1, 50:1, and 100:1, 
respectively.  Plates were read using a microplate reader (BIO-TEK Instruments) at wavelength 
490 nm and reference wavelength 690 nm.  Percent cytotoxicity was calculated as described by 
Lumpkin and McGlone (1992) and anassay was considered valid if maximum release divided by 
spontaneous release was ≤ 20%. 
Behavioral Measures 
Sow behavior was recorded at 48 h speed on 8 h VHS tapes using time-lapse video 
recorders. Behavior was observed and registered in real-time for 24 h on d 30, 66, 87, and 102 of 
gestation during block 1, 2, and 4. Data were divided into 6 periods per 24-h:period 1; 0300-
0700,  2; 0700-1100, 3; 1100-1500,4; 1500-1900, 5; 1900-2300, 6; 2300-0300. The behaviors 
were registered and analyzed for each individual sow using continuous-sampling include: drink, 
eat, lay, stand, sit, oral-nasal-facial (ONF), and sham-chew.  Definitions of registered behaviors 
122 
 
are represented in Table 5.2. Both frequency and duration of each behavioral bout were 
determined of all behaviors. Space utilization of group-pen and stall were also assessed by 
determining percentage of observed time in each location. Both frequency and duration of each 
behavioral bout were determined. 
Statistical Analyses 
Statistical analyses were performed using SAS (SAS Inst. Inc., Cary, NC). All traits were 
tested for departures from a normal distribution. Natural logarithmic transformation was applied 
to all traits deviating from a normal distribution to facilitate the interpretation of results. A linear 
mixed effects model was used to analyze the physiological measurements. The model included 
the fixed effects factors of social status (2 levels: dominant and submissive),
 
day of measurement 
(from day 0 to 110 of gestation) and then interactions among those and the covariate of the 
corresponding blood measurement at the start of the trial (d 0). A random effect of group (8 
levels: sow groups 1 through 8) was included in the model to account for potential environmental
 
and management differences across groups. The
 
measurements corresponding to space level stall 
were from a
 
single sow and thus, the experimental unit was sow.  The model for the behavior and 
performance measurements was similar to that used for the blood measurements, although hour 
of measurement was included in the behavioral model. Estimates were obtained using PROC 
MIXED of SAS.  PROC CORR of SAS was used to identify potential relationships among 
immune, behavior and selected performance measures Significance was set at (P ≤ 0.05), and 
trends were discussed at (P ≤ 0.10). 
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RESULTS 
There were few social status × day of gestation interactions for performance and immune 
measures. Sow BW at d 110 and BW change late in gestation (d 89-110) were both affected by 
social status with dominant sows having greater BW and BW change than submissive sows  (P < 
0.10; Table 5.2).  On d 45, severity of sow skin lesion was greater (P < 0.05) for dominant sows 
on rear and hind legs than for submissive sows. Conversely, on d 110 of gestation submissive 
sows had greater (P < 0.05) lesion score on back than dominant sows. For immune measures, on 
d 31 (24 h post-treatment) dominant sows tended to have greater (P < 0.10) conA- induced 
lymphocyte proliferation than submissive sows. Total WBC count was less (P < 0.05) while 
lymphocyte counts were greater (P < 0.10) from d 30 to d 31 among submissive sows.  On d 31 
of gestation, percentage of neutrophils was greater among both dominant and submissive sows 
compared to d 30 (baseline) (P < 0.10). Percentage of lymphocytes on d 31 compared to d 30 
(baseline) were less (P < 0.10) among dominant sows. Neutrophil chemotaxis in response to IL-8 
was greater (P < 0.05) among submissive sows on d 31 compared to d 30 (baseline). Moreover, 
dominant sows tended to have a less (P < 0.10) neutrophil phagocytosis on d 31 compared to d 
30 baseline measures. 
Social status × day of gestation interaction influenced both duration and frequency of 
postural and oral behaviors of sows in a free-access stall system (P < 0.05). Submissive sows 
displayed greater (P < 0.001) duration of sit bouts on d 30 and 66 than did dominant sows. 
Conversely, dominant sows performed greater (P < 0.05) duration of ONF bouts on d 66 than did 
submissive sows. On d 66 (P < 0.05) and 102 (P < 0.10) submissive sows performed a greater 
frequency of drink behavior than dominant sows. On d 102 of gestation, submissive sows tended 
to perform greater (P < 0.10) duration of stand bouts than did dominant sows. Social status × day 
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of gestation interaction influenced utilization of space within the free-access stall system. 
Percentage of time spent in the group-pen among sows of different social rank on various days of 
gestation is represented in Figure 5.3. 
Several behaviors were influenced by social status × time period interactions (P < 0.05). 
Submissive sows performed greater (P < 0.05) duration and frequency of sit behavior than 
dominant sows, during time periods 1 (0300-0700 h), 3 (1100-1500 h), and 4 (1500-1900 h). 
During time period 2 (0700-1100 h), which included feeding, dominant sows performed greater 
(P < 0.05) duration of sham-chew behavior than did submissive sows. Submissive sows 
performed greater (P < 0.05) frequency of drink and ONF behavior during time period 3 (1100-
1500 h) than did dominant sows. Submissive sows tended to display greater (P < 0.10) stand 
frequency than did dominant sows during time period 3 (1100-1500 h). Conversely, during time 
period 4 (1500-1900 h), dominant sows displayed greater (P < 0.05) duration of lay bouts than 
did submissive sows. Furthermore, dominant sows performed greater (P < 0.05) duration of ONF 
behavior during time period 5 (1900-2300 h) than did submissive sows.  
Social Status Effects: Indicators of Well-being 
 Social status affected multiple sow performance traits (P < 0.05; P < 0.10; Table 5.3). 
There was a trend for BW, BW change, and BF depth to be greater (P < 0.10) for dominant sows 
compared to submissive sows. Dominant sows also had greater (P < 0.05) litter birth weight than 
did submissive sows. Furthermore, dominant sows tended to have greater (P < 0.10) lesion 
scores located on the head than did submissive sows. No other performance measures were 
influenced by sow social status (P > 0.10). 
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 Social status had no effect on endocrine or immune traits (P > 0.10; Table 5.4); however 
social rank did affect several behaviors (P < 0.05; Table 5.5).  Dominant sows had greater (P < 
0.05) duration and frequency of sit bouts than did submissive sows.  Maintenance behavior such 
as frequency of drink behavior was affected by social status; submissive sows had more (P < 
0.05) drink bouts than did dominant sows, whereas, ONF bouts tended to be greater (P < 0.10) 
for dominant sows than for submissive sows.  
 Social status did influence space utilization preference among sows kept in the free-
access stall system (P < 0.05; Figure 5.2).  Dominant sows spent a greater (P < 0.001) percentage 
of time throughout gestation in the group-pen than did submissive sows. Percentage of time sows 
spent in the stall number 1 was greater (P < 0.05) for submissive sows compared to dominant 
sows.  Conversely, dominant sows used all stalls equally; dominant sows did not have a 
preference for a particular stall.    
Correlation Analysis: Selected Performance, Immune and Behavior 
There were several significant correlations among selected performance and productivity 
measures with physiological and behavioral measures, but only those correlations with r-value ≥ 
0.20 are reported.   Skin lesion score was correlated with sow body weight (BW), body condition 
scores (BCS) and back-fat (BF) depth. Sow BF depth (r = -0.27, P < 0.001) was negatively 
correlated with total lesion score.  Lesion score on the back (r = -0.20, P < 0.01) and rear (r = -
0.34, P < 0.001) regions were negatively correlated with BF depth.  
 Performance traits were correlated with immune traits.  Sow BW was negatively 
correlated (P < 0.05) with lymphocyte count (r = -0.31), percentage of lymphocytes (r = -0.21), 
LPS-induced lymphocyte proliferation (r = -0.22) and natural killer cell cytotoxicity (r = -0.29).  
However, sow BW was positively correlated (r = 0.22, P = 0.01) with percentage of neutrophils.  
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While BF depth was negatively correlated (P < 0.05) with total WBC (r = -0.24) count, 
neutrophil count (r = -0.30), and conA-induced lymphocyte proliferation (r = -0.20). Total lesion 
score was positively correlated (P < 0.05) with neutrophil phagocytosis (r = 0.20), conA-induced 
lymphocyte proliferation (r = 0.40), and neutrophil chemotaxis (r = 0.37). 
Behavioral measures were correlated with sow BF depth and space preference for group-
pen area.  Percentage of time spent in the group-pen area was negatively correlated with stand (r 
= -0.29, P < 0.001) and sit (r = -0.24, P < 0.001) behaviors. Conversely, lay behavior although a 
lower r-value, was positively correlated (r = 0.18, P < 0.001) with time spent in group-pen areas.   
Correlations worth reporting, despite low r-values were sow BF depth (r = 0.17, P = 
0.016) that was positively correlated with ONF behavior. Piglet mortality was negatively 
correlated (r = -0.14, P < 0.05) with drink behavior. Sit behavior was negatively correlated (r = -
0.15, P < 0.05) with the number of piglets laid on. 
 
DISCUSSION 
The results of the study indicate that social status of sows in free-access stall-pen system 
influences sow performance, productivity, behavior, and “space” preference utilization.  These 
results are similar to findings reported by others, in which sow social rank influences several 
indicators of well-being when kept in group-pens (Brouns and Edwards, 1994; Kranendonk et 
al., 2007; Mack et al., 2010; Gonyou et al., 2011; Mack et al., 2011). Results help determine the 
biological changes that occur due to social stress among sows of various social ranks when kept 
in free-access stall system, but more specifically the impact of sow social status on space 
preference when sow can choose either to spend time in individual stall or group-pen area.  
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Results imply that submissive sows cope very differently to perceived social stress both 
behaviorally and biologically compared to dominant sows within a free-access stall system. 
Effect of Social Status on Sow Well-being within a Free-access Stall System 
Measures of sow well-being such as sow BW, behavior and “space” preference were 
influenced by social status for sows that were kept in a free-access stall system.   During early- 
and mid- gestation, both dominant and submissive sows had relatively similar BW and BW gain, 
however during late gestation (d89 – 110) dominant sows had significantly greater BW gain and 
greater overall mean BW by d110.    These findings are similar to those reported by Kranendonk 
et al., (2007), in which dominant sows gained more BW during gestation than submissive sows. 
This increase in weight gain for dominant sows during late gestation may be partially explained 
by several environmental or social factors. Since dominant sows preferred the group-pen area 
this may have allowed for huddling amongst those dominant sows. This slight increase in BW 
and BW gain amongst dominant sows could be due to the ability to thermoregulate more 
efficiently when using the group-pen, since dominant sows did utilize the group-pen 
substantially more throughout the day than submissive sows.  It was found that all sows utilize 
the group-pen during the late hours at night, assuming for sleep. However, submissive sows 
preferred the individual stall and utilized this space more often than dominant sows; hence these 
sows isolate themselves from dominant animals. It is also plausible that dominant sows in free-
access stall system might have accumulated more muscle mass due to the ability to walk since 
they utilized the group-pen the majority of the time, (Marchant and Broom, 1996), and this might 
have resulted in an increase in BW. However, walk behavior was not registered therefore, this 
hypothesis is an assumption.  Furthermore, since percentage of time spent in group-pen was 
negatively correlated with stand and sit behavior, we can conclude that sows are utilizing the 
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group-pen for laying or resting behavior than actual activity. Also corroborating this theory is 
that submissive sows do use the group-pen primarily at night indicating that the group-pen may 
be ideal space for rest. Based on these results we hypothesize that the group-pen is primarily 
used to rest or lay behavior by dominant sows throughout the day, while submissive sows utilize 
the group-pen for rest during late hours of the night, therefore huddling behavior contributes to 
increased weight gain in dominant sows.   
However, another theory regarding increase BW and BW gain during late gestation 
amongst dominant sows could be contributed by litter characteristics. Sow litter size was very 
similar amongst sows of various social ranks, however piglet birth weight was greater amongst 
dominant sows, therefore the increase in BW late in gestation could be due to producing larger 
piglets in utero, furthermore contributing to the increase in BW an BW gain from d 89-110 of 
gestation. This was very similar to results reported by Kranendonk et al., (2007), where dominant 
sows gained more BW during mid- and late- gestation; however the authors hypothesized that 
this increase in weight gain was due to dominant sows displacing submissive sows from the 
feeder and therefore gaining due to increased feed consumption, not litter differences.  In the 
present study, however individual stalls with locking gates prevent that displacement from 
happening during feeding. Indicating that dominant sows are gaining more BW during late 
gestation to either retained energy due to huddling (thermoregulation) as previously mentioned, 
or due to increased piglet birth weight contributing to larger piglets in-utero. 
According to Salak-Johnson and McGlone (2007), social rank of animals often plays a 
greater role in the stress response than the actual stressor itself, in which the stressor in this case 
is a new environment and social grouping. Sow social rank also influenced the perception of the 
environment within a free-access stall system, hence provoking different physiological 
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responses.  24-h after being placed into the free-access stall system initiated a stress response 
differently for both dominant and submissive sows.  Submissive sows had an increase in 
leukocyte counts as well as neutrophil function, while dominant sows seemed to display a classic 
acute stress response of a decrease in lymphocytes and an increase in neutrophils, while 
simultaneously decreasing neutrophil function.  Both dominant and submissive sows were 
showing a stress response to the new environment and social grouping; however, it seems that 
perception of social stress is very different pending on the social rank of the sow and therefore is 
initiating very different stress responses or ways to cope with the perceived stress in order to 
maintain a homeostatic balance. These results are similar to findings reported by de Groot et al., 
(2001).  For example de Groot et al. (2001) determined that in vivo lymphocyte proliferation 
after vaccination was lower in dominants pig after mixing than submissive pigs, also after a 
pseudorabies virus (PRV) challenge, the IFN-γ/IL-10 ratio of the immune response was lower in 
mixed dominants than in mixed subordinates, implying a shift towards a humoral Th2 response. 
Another study showed that mitogen-induced lymphocyte proliferation increased in dominant pigs 
after mixing, whereas it decreased in subordinate pigs after mixing (Tuchscherer et al., 1998). 
Overall physiological results imply that dominant and submissive sows perceive social stress 
very differently and therefore must cope very differently in order to maintain an immunological 
balance. 
Sows of various social ranks perform different postural behaviors and have different 
preferences based on con-specifics dictation of resources when kept in a free-access stall system.  
Dominant sows lay more during evening hours while sows of lower social status are more active 
during the afternoon and evening hours.  This could indicate that dominant sows will dictate the 
activities of con-specifics, most likely based on location and resources, which is similar to 
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findings reported by Brouns and Edwards (1994) in which submissive sows were found to access 
resources while dominant sows were inactive.  These results imply that social rank does greatly 
influence the behaviors of animals in a group-pen setting and that dominant and submissive 
animals may change their times of activity and location preferences based on con-specifics 
location and activity.  
Social status of the sow plays an integral role in where the sow chooses to spend the 
majority of her time within a free-access stall system.   Dominant sows spent 70 to 80% of their 
time in group-pen area while submissive sows only utilized the group-pen area about 40 to 50% 
of the time,  this difference in space utilization can be indicative of varying perception of social 
stress among submissive and dominant sows. Dominant sows have been reported to control 
resources and therefore dictate submissive sow behaviors (Brouns and Edwards, 1994).  These 
results were expected and similar findings by others reporting that dominant sows spend more 
time utilizing the group-pen area than submissive sows (Mack et al., 2010; Gonyou et al., 2011; 
Mack et al., 2011).  However, the results reported herein (Figure 5.3) convey that submissive 
sows use of the pen-area was not only influenced by social status, but day of gestation as well, 
especially closer to parturition.   Toward the end of gestation, submissive sows prefer to spend 
their time within the individual stall which indicates that the welfare challenges perceived in the 
free-access stall system vary based on stage of reproduction. Besides social status and day of 
gestation influencing space utilization, time of day altered dominant and submissive sow group-
pen use. The group-pen is used the greatest percentage by both dominant and submissive sows 
from 1900-0300 h.  These results imply that the group-pen is primarily used for lay behavior 
during the late night hours of the day by both dominant and submissive sows, and submissive 
sows will utilize the group-pen when dominant animals are the least active. Percentage of time 
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utilizing the group-pen was also positively correlated with lay behavior and therefore negatively 
correlated with stand behavior, which corroborates this theory. These results indicate that social 
status has a major impact on how and when sows prefer to spend their time, as well as, where 
they choose to spend the majority of their time when given the opportunity to choose between 
individual stalls and a group pen within a free-access stall system.   
IMPLICATIONS 
When implementing a free-access stall system, social status of sows should be 
considered.  The present results indicate that social rank of small groups of sows within a free-
access stall system influence sow BW, immune response, behavior, but more prominently space 
utilization.  Results imply that submissive sows prefer to utilize individual stalls throughout 
gestation, as well as, throughout various time periods of each day compared to dominant sows, 
this indicates that sows of varying social ranks perceive social stress differently and will cope 
differently both behaviorally and biologically.  
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TABLES AND FIGURES 
Table 5.1 Indoor temperatures across replicates   
Replicate Season1 Mean Temperature (C°)2 
1 Fall 21.6 
2 Winter 20.2 
3 Summer 23.1 
4 Fall 20.7 
5 Winter 20.1 
6 Summer 24.7 
7 Fall 21.7 
8 Spring 22.1 
1
 Season that replicate began. 
2
 Mean temperature of the week that each replicate started. 
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Table 5.2 Definitions of registered behaviors 
Behavior Description 
Lie Sow reclining in ventral or lateral position 
Sit Sow supported by two front legs 
Stand Sow supported by all four legs 
Eat Sow’s snout/mouth in contact with feed 
Drink Sow’s snout/mouth in contact with nipple waterer 
Oral-nasal-facial  Sow’s snout or mouth in contact with any object besides food or water 
Sham-chew Sow’s mouth empty while moving jaw in a repetitive chewing motion 
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Table 5.3 Main effects of social status on productivity and litter-related traits 
for sows kept in free-access stall system during gestation (least squares means 
± SE) 
 
 
Social Status  
Item Dominant Submissive P-value 
BW d 0, kg 205 ± 6.0 200 ± 6.0 0.533 
BW d 30, kg 202 ± 5.0 201 ± 5.0 0.950 
BW d 89, kg 228 ± 4.5 220 ± 4.5 0.213 
BW d 110, kg 241 ± 5.2
c
 226 ± 5.2
d
 0.052 
Mean BW, kg 219 ± 2.6
c
 211.8 ± 2.6
d
 0.054 
BW change (d 0 to 30), kg -0.61 ± 1.8 -1.38 ± 1.8 0.769 
BW change (d 30 to 89), kg 24 ± 3.5 20 ± 3.5 0.354 
BW change (d 89 to 110), kg 12.6 ± 1.8
a
 6.5 ± 1.8
b
 0.025 
Mean BW change, kg 12.1 ± 1.4
c
 8.3 ± 1.4
d
 0.063 
Mean back-fat, cm 1.96 ± 0.06
c
 1.80 ± 0.06
d
 0.072 
BCS, 1-5 3.24 ± 0.1 3.35 ± 0.1 0.534 
Litter size, No. 10.7 ± 0.9 10.8 ± 0.9 0.949 
Born alive, No./litter 8.5 ± 0.6 9.0 ± 0.6 0.575 
Weaned, No./litter 7.9 ± 0.6 8.1 ± 0.6 0.803 
Litter birth BW, kg 1.5 ± 0.03
a
 1.4 ± 0.03
b
 0.033 
Litter weaning BW, kg 6.4 ± 0.1 6.3 ± 0.1 0.795 
Pig BW gain (birth to wean), kg 4.7 ± 0.2 5.0 ± 0.2 0.417 
Laid on, No. 0.50 ± 0.3 0.27 ± 0.3 0.559 
Stillborn, No. 0.86 ± 0.3 0.93 ± 0.3 0.875 
Euthanized, No. 0.86 ± 0.3 0.60 ± 0.3 0.598 
Total mortality, No. 2.8 ± 0.8 2.7 ± 0.8 0.918 
a,b
 Within a row, means without a common superscript letter differ (P < 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Table 5.4 Main effects of social rank on endocrine and immune status for 
sows kept in a free-access stall system during gestation (least squares means 
± SE) 
 
 
Social Status  
Immune trait Dominant Submissive P-value 
Total WBC, 10
7
/mL 2.31 ± 0.09 2.30 ± 0.09 0.903 
Neutrophils, 10
7
/mL 5.17 ± 0.31 5.17 ± 0.31 0.704 
Lymphocyte, 10
7
/mL 2.86 ± 0.14 2.88 ± 0.14 0.905 
Neutrophils, % 39.3 ± 1.6 38.7 ± 1.6 0.794 
Lymphocytes, % 53.1 ± 1.6 53.3 ± 1.6 0.912 
Monocytes, % 3.24 ± 0.3 3.85 ± 0.3 0.183 
Eosinophils, % 4.42 ± 0.4 4.42 ± 0.4 0.997 
Neutrophil-to-lymphocyte ratio 1.02 ± 0.13 0.82 ± 0.13 0.289 
Phagocytosis, % 59.0 ± 1.7 57.4 ± 1.7 0.507 
LPS-induced proliferation 02 1.06 ± 0.06 1.12 ±  0.06 0.442 
ConA-induced proliferation 02 1.45 ± 0.15 1.23 ± 0.14 0.297 
NK cytotoxicity, % 25:1 46.7 ± 8.0 43.1 ± 7.9 0.746 
Chemotaxis, IL-8 52.1 ± 8.5 60.0 ± 9.1 0.529 
Chemotaxis, C5a 54.6 ± 9.3 54.7 ± 8.8 0.994 
Plasma cortisol, ng/mL 32.8 ± 2.2 34.9 ± 2.2 0.516 
a,b
 Within a row, means without a common superscript letter differ (P < 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Table 5.5 Effect of dominance status on frequency and duration of 
postural, maintenance, and stereotypic behavior for sows kept in a 
free-access stall system (least squares means ± SE) 
 Social Status  
Behavior Dominant Submissive P-value 
Lay    
Frequency, no. 15.3 ± 1.4 14.3 ± 1.4 0.604 
Duration, min 86.0 ± 5.0 84.1 ± 4.9 0.797 
Sit    
Frequency, no. 7.3 ± 1.1
b
 10.8 ± 1.1
a
 0.030 
Duration, min 0.86 ± 0.18
b
 1.94 ± 0.17
a
 <0.001 
Stand    
Frequency, no 12.6 ± 1.4 13.6 ± 1.3 0.607 
Duration, min 21.0 ± 2.6 21.2 ± 2.5 0.954 
Eat    
Frequency, no 4.7 ± 1.5 4.8 ± 1.4 0.987 
Duration, min 2.3 ± 0.5 2.1 ± 0.5 0.756 
Drink    
Frequency, no 13.1 ± 5.1
b
 27.5 ± 5.0
a
 0.050 
Duration, min 0.35 ± 0.04 0.31 ± 0.04 0.602 
ONF    
Frequency, no. 33.3 ± 4.2 35.8 ± 4.1 0.678 
Duration, min 9.21 ± 1.6
c
 5.22 ± 1.5
d
 0.069 
Sham-chew    
Frequency, no. 18.7 ± 3.0 18.5 ± 3.0 0.960 
Duration, min 3.00 ± 0.33 2.91 ± 0.33 0.851 
a,b
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Figure 5.1 Body location for lesion scoring 
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Figure 5.2 Effect of social status on percentage of time spent utilizing either group-pen or 
individual stall of gestating sows kept in a free-access stall system 
 
a,b
 across dominance status, means without a common superscript letter differ (P < 0.001). 
  
0%
20%
40%
60%
80%
100%
Dominant Submissive
P
e
rc
e
n
t 
Dominance Status 
Individual stall
Group pen
                a                                                 b 
143 
 
Figure 5.3 Effect of social status and day of gestation on group-pen utilization of sows kept 
in a free-access stall system
 
*denotes (P < 0.05) difference of social status within day of gestation. 
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Figure 5.4 Effect of social status and time period on group pen utilization of sows kept in a 
free-access stall system 
 
*denotes (P < 0.05) difference of social status within time period. 
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Chapter 6. 
 EFFECT OF ALTERNATIVE INDIVIDUAL ACCOMMODATIONS THROUGHOUT 
GESTATION AND PRIOR TO GROUP HOUSING ON THE WELL-BEING OF 
GESTATING SOWS 
ABSTRACT: Growing public concern regarding welfare of gestating sows, as affected by 
housing environment, has increased the need for research evaluating alternative housing systems. 
We must fully understand the impact that various housing types, both throughout gestation and 
implemented during mid-gestation have on the well-being of gestating sows in order to not 
compromise sow welfare throughout any stage of gestation. Therefore the objectives of this 
study were to evaluate the effects of individual standard and turn-around stalls on sow behavior 
and stress physiology throughout gestation (Exp. 1), and to determine the effects of keeping sows 
in one of the two types of stall for first 30 d of gestation and then moving sows to group-pens for 
the remainder of gestation (Exp. 2). Two hundred multi-parous crossbred sows were allocated, 
based on body weight and parity, to a standard stall (STS; n = 50) or a turn-around stall (TAS; n 
= 50) throughout gestation (Exp.1); or a standard stall (STS-G; n = 50) or turn-around stall 
(TAS-G; n = 50) for 30 d of gestation and then moved to group-pens of 10 sows/pen, at floor 
space allowance of 2.3 m
2
/sow (Exp. 2). On days 30 and 90 of gestation sow immune and 
endocrine statuses were measured (n = 162 sows). Behavior was registered on days 6, 30, 45, 65, 
90, and 110 from 0800-0900 h, 1200-1300 h, and 1600-1700 h (n = 150 sows). Data were 
analyzed using Proc MIXED with repeated measures (SAS). In Exp. 1 there was a stall type × 
day of gestation interaction for sow behavior and immune status (P < 0.05). On d 30 of gestation 
sows kept in TAS had greater (P < 0.05) plasma cortisol levels and reduced (P < 0.05) NK 
cytotoxicity than sows kept in STS. On d 6 and 30, sows kept in TAS performed more (P < 0.05) 
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stand and ONF bouts than sows kept in STS.  Stand and eat bouts were greater (P < 0.05) 
amongst sows kept in TAS than sows kept in STS, regardless of day of gestation. Direction sows 
chose to face in TAS was influenced by day of gestation and time period (P < 0.05). In Exp 2, 
there were stall type prior to group-pen placement × day of gestation and stall type prior to 
group-pen placement × time of day interactions for immune status and behavior (P < 0.05). On d 
90, of gestation sows kept in STS-G had greater (P < 0.05) NK cytotoxicity and lymphocyte 
proliferation than TAS-G kept sows.  From 0800-0900 (feeding) sows kept in TAS-G had greater 
(P < 0.001) bouts of aggression than sows kept in STS-G. Regardless of day of gestation, sows 
kept in STS-G had greater total WBC count (P < 0.05), neutrophil phagocytosis (P < 0.05), and 
NK cytotoxicity (P < 0.10) but less neutrophil chemotaxis (P < 0.05) than sows kept in TAS-G. 
In both experiments 1 and 2, results imply that the turn-around stalls may reduce animal state-of-
being in comparison with the standard stall due to increased aggression and physiological shifts 
indicating a coping mechanism to perceived stress.   
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INTRODUCTION 
There is mounting concern among pork producers and consumers regarding the impact of 
current housing systems on the welfare of the gestating sow.  As referendums banning individual 
stalls for gestating sows continues to be proposed and passed in the US and major retailers insist 
on purchasing pork only from producers whose pigs are raised in freedom housing. It is 
incumbent upon those of us in research and outreach to assist producers in adopting new 
technologies and management schemes that help maintain their position and grow their 
competitive advantage in the global marketplace, while maintaining consumer trust through 
improving sow well-being. First and foremost, scientists must understand the effects and impact 
that various housing systems have on the physiological and psychological (behavioral) aspects of 
the sow. Moreover; scientists must understand the underlying consequences of implementing 
alternative housing systems and management strategies without scientifically sound information. 
These are crucial unknowns that must be investigated so that we do not unwittingly compromise 
sow well-being. 
A major concern of producers is that previous legislation on banning gestation stalls has 
not addressed the issue of complete prohibition of the use of gestation stalls or temporary use of 
the individual stall during early gestation. It is unknown when optimal time to group sows 
together is, in order to maintain or even improve well-being. Therefore, the question persists 
regarding the use of stalls during the breeding/early gestation period, prior to day 30. It may be 
in actual production that combination uses of gestation stalls and loose housing are the most 
efficacious housing systems, and in that case which form of stalls is ideal to improve sow well-
being, while maintaining producer profit. Current research suggests that both group-pens and 
individual housing systems are acceptable for maintaining sow well-being and productivity 
(McGlone et al., 2004; Rhodes et al., 2005; Curtis et al., 2009).  Management techniques 
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utilizing group-pens and individual housing systems must be assessed in a multi-disciplinary 
approach to determine if combination of both systems can potentially improve sow well-being 
(Gonyou 1994; Trevisi and Bertoni, 2010).  Therefore, the objectives of this study were to 
evaluate the effects of individual standard and turn-around stalls on sow behavior and stress 
physiology throughout gestation (Exp.1), and to determine the effects of keeping sows in one of 
the two types of stalls for first 30 d of gestation and then moving sows to group-pens for the 
remainder of gestation (Exp.2).  
 
 
MATERIALS AND METHODS 
  All sows were artificially inseminated within 24-h after estrus onset and again 24-h later, 
and then allocated to their respective treatment group based on sow BW and parity. Multiparous 
sows and bred gilts were used with an average parity of 3.  Sows remained in their respective 
gestation treatment groups until d 109 ± 2 then sows were moved to a stall farrowing facility. 
Sows diagnosed open remained in their respective treatments, but no further data was collected 
on those sows. Pregnancy was detected on d 25-30 post-breeding using an ultrasound machine 
(Bantam, EI Medical Imaging) for trans-abdominal examinations. Multiparous sows and bred 
gilts were used with an average parity of 3.  Sows were housed in well insulated, mechanically 
ventilated rooms. The gestation rooms were set at 21° C. Lighting was set at 10:14 hour 
light:dark schedule with lights on at 0700 h and lights off at 1700 h. 
  Five blocks of 40 sows were allotted to one of four treatments (2 x 2 factorial = block; n 
= 200 sows). For Exp 1., on d 6 of gestation,  40 sows per block were assigned to an individual 
stall type: standard stall (STS; control) or turn-around stall (TAS).  The TAS was identical to 
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STS, with the exception of a swinging middle gate, allowing sows to turn-around within their 
respective stall. Outside dimensions of both STS and TAS stalls measure 2.13 m by 0.69 m but, 
in the TAS stall only the sides of the rear half are hinged, providing the sows with an additional 
1.73 m wide at the rear of the stall.  However, if a sow chooses to turn-around this decreases the 
space available to adjacent sow.    In Exp 2, on d 30 of gestation, 20 of 40 sows remained in their 
stall treatment and the other 20 were allotted to a group-pen with floor space allowance of 2.3 m
2
 
per sow, thus resulting in two new treatment groups: STS-G or TAS-G.  
Sows kept in individual stalls were floor-fed, while sows in group-pens were fed on the 
floor as a group between 0800 and 0930 h each morning by the same team of qualified persons to 
ensure consistency of feed dispersion on the solid portion of the floor.  Sows had free access to 
one waterer within individual stalls and one waterer with two nipples per pen throughout the 
experiment.    
 Based on previous results, sows were fed a high fiber diet, which was based on corn, 
soybean meal, wheat middlings (15%), and soybean hulls (30%; Chapter 3; Table 3.2). This diet 
contained 13.2% crude protein and 2,885 kcal ME per kg. The diet also contained 16.6 and 28.3 
% ADF and NDF, respectively. All nutrients were present at concentrations that meet or exceed 
current requirements (NRC, 1998).  All sows were fed 6,700 kcal ME per day during the initial 
90 days of gestation and 10,720 kcal ME per day during the remaining gestation period. These 
levels of energy correspond to 2.3 and 3.7 kg per day of the high fiber diet.  
Physiological Measures 
Physiological measures were assessed on all sows of the first 4 blocks (n = 162) on days 
34 and 90 of gestation. Blood samples (~10  mL) were obtained from sows by vena-puncture of 
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the jugular vein using Vacutainers with heparin or EDTA.  Total white blood cell counts (WBC) 
were made electronically using a Coulter Z1 particle counter (Beckman Coulter) by adding 10 
μL of whole blood to Isoflow® (10 mL; Beckman Coulter, Beckman, FL), and red blood cells 
were lysed with Zap-o-globin® (Beckman Coulter). Whole blood smears were made, fixed in 
methanol, stained with Hema-3® staining system (Fisher Scientific, Houston, TX) and viewed 
under a light microscope to determine leukocyte differential counts.   
For functional immune assays, whole blood was diluted with Roswell Park Memorial 
Institute medium (RPMI; Gibco, Carlsbad, CA) layered over Histopaque® -1077, (density = 
1.077 g/mL; Sigma Aldrich, Saint Louis, MO) and -1119 (density = 1.119 g/mL; Sigma Aldrich) 
and centrifuged at 700g 30 min at 25°C.  Lymphocytes were removed from the 1077 layer, 
washed twice in RPMI, re-suspended, and counted.  Neutrophils were removed from the 1119 
layer, washed once, and then red blood cells were lysed from the neutrophil fraction, and washed 
again in RPMI.  Cell concentrations were adjusted with RPMI based on the specific immune 
assays’ respective requirements. 
Plasma Analysis 
Using a validated commercial radioimmunoassay (Coat-A-Count®, Los Angeles, CA) 
plasma cortisol concentrations were measured following the commercial protocol (Sutherland et 
al., 2005). Intra- and inter-assay CV were 4.5 % and 7.62 %, respectively.    
Immune Assays 
 Neutrophil chemotaxis was measured using an assay previously described by Salak et al. 
(1993). Neutrophils were used at a concentration of 3 × 10
6
 cells/mL to evaluate the ability of 
cells to migrate toward assay medium (control; random migration) or recombinant human 
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complement-5a (10−7 M; Sigma Aldrich) and recombinant human IL-8 (100 µg/mL; Sigma 
Aldrich) (chemotaxis-directed migration).  
 Neutrophil phagocytosis was measured using a flow cytometry-based assay as previously 
described by Jolie et al. (1997) with minor modifications as described by Niekamp et al. (2006).  
Fluorescent beads were pre-incubated 30 min with nonheat-inactivated porcine serum before 
adding beads to the samples at a 10:1 (beads-to-neutrophils) ratio and then cells and beads were 
incubated together for 45 min. The percentage of engulfment of beads by cells was evaluated 
using a flow cytometer. 
 Mitogen-induced lymphocyte proliferation assay was performed using a CellTiter 96® 
nonradioactive cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 
protocol with minor modification as previously described by Sutherland et al. (2005). Briefly, 
porcine lymphocytes were used at a concentration of 5  106 cells/mL and placed in triplicate 
into a sterile 96-well flat-bottom plate.  Concanavalin A (CONA; Sigma Aldrich) and 
lipopolysaccharide (LPS; Sigma Aldrich) were used as mitogens (0, 0.2, 2.0 and 20 µg/mL) to 
stimulate T and B cells, respectively. Plates were incubated 68 h at 37
o
C in a 5% CO2 humidified 
incubator and 15 µL Promega Dye were added to each well, and the plates were incubated 4 h. 
Promega Stop solution (100 µL) was added, and the plates were incubated overnight at 37ºC and 
then read using a microplate reader (BIO-TEK Instruments) at wavelength 550 nm with 
reference wavelength 690 nm.  The results are expressed as a proliferation index (PI): 
 
Optical density (550/690 nm) stimulated cells 
PI  =  
   Optical density (550/690 nm) non-stimulated cells 
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 Natural killer (NK) cell cytotoxicity was measured using a commercially available 
nonradioactive cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN) as described 
previously by Sutherland et al. (2005).  Briefly, porcine lymphocytes were used as effector cells 
and K-562 chronic human myelogenous leukemia cells (American Tissue Type Culture 
Collection, Manassas, VA) were used as target cells.  Lymphocytes were adjusted to 1 × 10
7
 
cells/mL and K-562 cells adjusted to a constant 10,000 cells per well.  Samples were run in 
triplicate at effector (lymphocytes) to target-cell (K-562) ratios of 12.5:1, 25:1, 50:1, and 100:1, 
respectively.  Plates were read using a microplate reader (BIO-TEK Instruments) at wavelength 
490 nm and reference wavelength 690 nm.  Percent cytotoxicity was calculated as described by 
Lumpkin and McGlone (1992) and an assay was considered valid if maximum release divided by 
spontaneous release was ≤ 20%. 
Behavioral Measures 
Live remote behavioral observations  (n = 150 sows) were registered  over 5 blocks using 
Geovision GV-1240 (Geovision, Inc., Irvine, CA) video capture combo card and Web-Cam 
(remote capability with POS Live View via IE Browser with Geovision Remote Monitoring 
Software; Geovision, Inc., Irvine, CA). Behavior was observed and registered for 3 h (time 
periods: 0800-0900 h; 1200-1300 h; 1600-1700 h) on d 6 (individual stalls only), 30, 45, 65, 90, 
and 110 of gestation during blocks 1 to 5, therefore, totaling 90 h observed and registered on 
various days of gestation across blocks. Behavior was registered live over web cam, viewing 5 
sows in each of the individual stalls and 10 sows in each group-pen. Using continuous-sampling 
the behaviors registered and analyzed were eat, lay, stand, sit, and oral-nasal-facial. For group-
pens additional behaviors registered included aggressive encounters and drink. Drink behavior 
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was not registered in Exp. 1 due to real-time and live observations making viewing 5 sows 
difficult with specific behaviors that are performed very quickly.  In Exp. 2 focal sampling in 
group-pens was not possible, therefore observing sub-groups of sows in ranges of 1-5 and 6-10 
allowed a quantitative assessment of sows and social interactions amongst sows that may occur.  
Also, within the TAS, direction chosen to view was registered. Duration of each bout and 
percentage of time were assessed for each behavior performed.   
Statistical Analysis 
Statistical analyses were performed using SAS (SAS Inst. Inc., Cary, NC). All traits were 
tested for departures from a normal distribution. Natural logarithmic transformation was applied 
to all traits deviating from a normal distribution to facilitate the interpretation of results. A linear 
mixed effects model was used to analyze the physiological measurements. The model included 
the fixed effects factors of individual stall type TRT (2 levels: STS or TAS),
 
Stall type prior to 
group pen TRT (2  levels: STS-G or TAS-G), parity (4 levels: 1 to ≥ 4), day of measurement 
(day varies depending on measure), and all interactions among those fixed effects , as well as, 
the covariate of the corresponding blood measurement at the start of the trial (d 30) for stall type 
prior to group pen. A random effect of group (4 levels: sow groups 1 through 5) was included in 
the model to account for potential environmental
 
and management differences across groups. The
 
measurements corresponding to TRT were from a
 
single sow and thus, the experimental unit was 
sow as based on results from Hanson et al. 2010.  The model for the behavior also included hour 
of measurement in the behavioral model. Estimates were obtained using the PROC MIXED of 
SAS.  Significance was set at (P ≤ 0.05), and trends were discussed at (P ≤ 0.10). 
 
154 
 
RESULTS 
In Exp. 1, there was stall type × day of gestation interaction for both immune status and 
behavior of gestating sows (P < 0.05).  After being in their respective treatments for 30 d sows 
kept in STS had greater (P < 0.05) percentages of eosinophils, NK cytotoxicity, and lower levels 
of plasma cortisol than sows kept in TAS.  
On d 6 of gestation, sows kept in STS had greater (P < 0.01) total duration of lay bouts 
than sows kept in TAS, whereas, sows kept in TAS had greater (P < 0.05) duration of  stand and 
ONF bouts than sows kept in STS.   On d 30 of gestation, sows kept in STS had greater (P < 
0.01) percentage of time and bout duration of lay behavior than sows kept in TAS, whereas, 
sows kept in TAS performed greater (P < 0.05) percentage of time and duration bout of stand 
and ONF behaviors than did sows kept in STS. On day 45, 65, 90, and 110 of gestation, sows 
kept in TAS had a greater (P < 0.10) percentage of time performing eat behavior than did sows 
kept in STS.  Stall type × time period interaction for stand behavior occurred (P < 0.05). Sows 
kept in TAS had greater (P < 0.05) duration of stand behavior than sows kept in STS during time 
period 1 (0800-0900; feeding time).   
In Exp. 2, stall type prior to group-pen placement × day of gestation interaction for 
immune status and behavior; on d 90 of gestation, NK cytotoxicity, and mitogen-induced 
lymphocyte (conA)  were greater (P < 0.05) for sows kept in STS-G compared with sows kept in 
TAS-G. On d 65 of gestation, sows kept in TAS-G performed more aggressive behavior than 
sows kept in STS-G (P < 0.05; Figure 6.3). Aggressive behavior was performed more (P < 0.01) 
on d 30 for both sows kept in STS-G and TAS-G than all proceeding days of gestation, which is 
expected due to establishing social hierarchy.  
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Stall type prior to group-pen placement × time period interaction influenced sow 
aggression (P < 0.001). During time period 1 (0800-0900; feeding), sows kept in TAS-G 
performed more aggression than sows kept in STS-G.  
Effects of Stall Type throughout Gestation: Physiology and Behavior 
 Few immune responses were influenced by stall type; however there was a tendency for 
LPS-induced lymphocyte proliferation to be greater (P < 0.10) amongst sows kept in TAS than 
sows kept in STS throughout gestation. No other immune or endocrine statuses were influenced 
by stall type sows were kept in throughout gestation (P > 0.10). Stall type did influence postural, 
maintenance, and oral behaviors throughout gestation (P < 0.05). Sows kept in TAS performed 
greater (P < 0.01) duration of stand behavior, greater (P < 0.01) percentage and duration of eat 
behavior, and greater (P < 0.10) percentage of ONF behavior than sows kept in STS. All other 
behaviors were similar regardless of stall type (P > 0.10).  
Effects of Stall Type Prior to Group-pen Placement: Physiological Response and Behavior 
 Stall environment sows were kept in for 30 day of gestation prior to moving to group-pen 
had an effect on several immune measures (P < 0.05). Sows kept in STS-G had greater (P < 
0.05) total WBC count and neutrophil phagocytosis than sows kept in TAS-G. Conversely, sows 
kept in TAS-G had greater (P < 0.05) IL-8 and C5a directed neutrophil chemotaxis compared to 
sows kept in STS-G.  There was a trend for NK cytotoxicity to be greater (P < 0.10) for sows 
kept in STS-G than sows kept in TAS-G.  All other physiological measures were similar for 
sows kept in different stall types for 30 days (P > 0.10).  Postural, maintenance, and oral 
behaviors were similar for sows kept in different stall types for 30 d of gestation and then placed 
into group-pens for the remainder of gestation (P > 0.10). 
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Effects of Turnaround Stall on Direction Preference 
Preference for direction  of sow’s head in TAS was influenced by day of gestation (P < 
0.05); on d 6 and 110 of gestation, sows heads were in the front of the stall (waterer and feeders 
were located) a greater (P < 0.001) percentage of time (Figure 6.1).    Time of day also affected 
direction of head in the TAS (P < 0.05); during time period 1 (0800-0900 h) sows spent majority 
of the time with head forward but also spent greater percentage of time during time period 2 
(1200-1300 h) than during time period 3 (1600-1700 h) (P < 0.001; Figure 6.2).  
  
 
DISCUSSION 
The results reported within indicate that sow endocrine and immune status, as well as, 
behavior were all influenced by the ability for gestating sows to turn-around within an individual 
stall throughout gestation, as well as type of stall prior to group-pen placement on d 30 of 
gestation.  Few studies have assessed the well-being of sows kept in turn-around stalls, but those 
few reports found similar behavior results regarding turning behavior, but results differ based on 
physiological measures (McFarlane et al., 1988; Bergeron et al., 1996; Hanson, 2010). These 
results imply that one component (swinging gate) within an individual stall can potentially alter 
indicators of well-being throughout gestation, as well as, prior to placement into a group-pen 
during mid-gestation. This swinging gate component allows for an array of various behaviors to 
be performed, potentially influencing sow perception of the quality of the dynamic space 
available and sow motivation to utilize the swinging gate for purposes other than “the need to 
turn-around”. This simple physical component within a turnaround stall however, seemed to 
reduce sow well-being when kept in the turn-around stall throughout gestation, as well as, prior 
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to group-pen placement, if behavior and physiology are considered indicators of welfare. 
However, the standard stall both throughout gestation, as well as, prior to group-pen placement 
did not reduce sow well-being and therefore, would be recommended over a turn-around stall. 
Stall Type throughout Gestation and Prior to Group-pen Placement 
Both behavioral and physiological responses indicate potential reduced state of well-
being amongst sows kept in turn-around stalls compared only to sows kept in standard stalls.  
Some theories as to why this simple component of allowing sows to turn-around may reduce an 
animal’s state-of-being, is that it was frequently observed by researchers, that the swinging gate 
did allow for more frequent and severe bouts of aggression to occur between sows in turn-around 
stalls, than for sows kept in standard stalls. This could be causing a social stress amongst sows of 
various social ranks. No other studies have assessed the ability sows have to engage in agonistic 
encounters or the perception of social stress when kept in any individual stall type, therefore 
hypothesizing that this may be the primary reason to explain the reduced well-being 
characteristics. Regardless we can conclude that sows kept in standard stalls throughout gestation 
or prior to group-pens do not have compromised well-being and that allowing sows to turn-
around does not improve sow welfare, but in fact compromises it.   
Another theory is that the increase in activity (stand and ONF) is simply due to increased 
space to investigate the environment.  Other studies have found similar results of increased 
nosing/licking of the stall bars, and more chain manipulation of sows kept in turn-around stalls 
than sows kept in standard stalls (Bergeron et al., 1996). Pigs use their snout as a means to 
investigate the environment; allowing sows to turn-around increases manipulable components 
(swinging gate and chain) of the environment to become more accessible. This behavioral 
difference was also found to impact physiology. Salak-Johnson et al. (forthcoming) also found 
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very similar responses when sows were kept in group-pens with various floor-space allowances.  
Sows kept in the largest floor-space had greater activity and plasma cortisol levels, but reduced 
NK cytotoxicity compared to sows kept in the smallest floor-space allowance.  This increased 
activity could have stimulated the HPA axis releasing cortisol and therefore suppressing NK 
cytotoxicity.  Conversely, Bergeron et al. (1996) found that sows kept in turn-around stall had 
lower plasma cortisol levels than sows kept in standard stall.  It has also been reported that 
plasma cortisol directly influences immune responses (Salak-Johnson and McGlone, 2007; 
Trevisi and Bertoni, 2010). Furthermore, sows kept in turn-around stalls also had lower NK 
cytotoxicity and percentage of eosinophils than did standard stall kept sows, most likely in direct 
correlation with the higher levels of plasma cortisol. However McGlone et al. (1993) reported 
plasma cortisol was positively correlated with NK cytotoxicity among pigs of dominant social 
rank when shipped.  Conversely, pigs of lower social rank when shipped had lower NK 
cytotoxicity.  Salak-Johnson et al. (1996) reported marginally lower NK activity 1 h after an 
intracerebroventricular administration of porcine corticotropin-releasing hormone. Based on 
previous findings it is hard to conclude whether an increase in cortisol is directly related to the 
decrease in NK cytotoxicity. However, we can hypothesize that a stress response is occurring, 
potentially from the increased activity or more likely the aggression and social stress that is 
associated with the turn-around stall, in which the body is trying to cope through immunological 
shifts.   
 It is obvious that stall type caused a difference in behaviors which influenced the immune 
response, but the stall type that sows were kept in prior to placement into a group-pen on d 30 
also had similar effects. Multiple behavioral and physiological characteristics were influenced by 
the stall type sows were kept in prior to placement into a group-pen, indicating that previous 
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experience of housing systems does influence future behaviors.  Sows kept in turn-around stalls 
prior to being placed into a group-pen performed more aggression during the feeding period than 
did sows kept in the standard stall for the first 30 d, which seemed to directly influence several 
immune traits.  Sows kept in turn-around stalls prior to being placed into group-pens had reduced 
total WBC, neutrophil phagocytosis, NK cytotoxicity, and lymphocyte proliferation than sows 
kept in standard stalls first. These results indicate that the ability to turn-around within an 
individual stall can cause consequences to sow state-of-being when placed into a group-pen. To 
date, no other research has been conducted on exposure to alternative housing types during early-
gestation and its impact on well-being characteristics when in a group-pen during mid- and late-
gestation.  Increased aggression in Exp. 1 amongst sows in turn-around stalls early in gestation 
could be developing this negative behavior and encouraging it to sustain throughout late-
gestation when in group-pens.  Previous experience and environment have been known to 
influence an animal’s ability to cope with stress and therefore the ability to perform aggression in 
turn-around stalls during early gestation could be compromising the ability to cope with the 
aggressive behavior and therefore suppressing the immune system (Massachusetts Institute of 
Technology, 2010; Dragoi and Tonegawa, 2011). Dragoi and Tonegawa, (2011) reported that 
access to prior knowledge can help predict a response to a new but similar experience in mice,  
indicating that past experiences can encourage similar behaviors in the future. 
 
IMPLICATIONS 
 Allowing sows the capability to turn-around does influence behaviors and immune 
response when kept in the housing system throughout gestation, as well as prior to group-pen 
placement.  In both Exp. 1 and 2, results imply that the turn-around stall may reduce animal 
160 
 
state-of-being in comparison with the standard stall.  The swinging gate within the turn-around 
stall is hypothesized to allow for more aggression to occur, which could be the reasoning for the 
reduced immune status of sows in both Exp. 1 and 2 and therefore indicates that turning around 
is not a necessity to improve well-being, in fact it may compromise it.  Regardless, well-being of 
the sow is different in these two stall types and that the stall that they are kept in prior to being placed into 
group-pen influences future behaviors and well-being. However, the standard stall did not compromise 
well-being, while the turn-around stall potentially does. 
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TABLES AND FIGURES 
Table 6.1 Main effects of stall type on endocrine and immune status of 
gestating sows kept in treatment throughout gestation (least squares means 
± SE) 
 
 
Stall Type  
Immune trait STS TAS P-value 
Total WBC, 10
7
/mL 2.13 ± 0.06 2.20 ± 0.06 0.413 
Neutrophils, 10
7
/mL 5.75 ± 0.26 5.53 ± 0.26 0.552 
Lymphocyte, 10
7
/mL 3.05 ± 0.12 2.80 ± 0.12 0.148 
Neutrophils, % 37.0 ± 1.4 37.9 ± 1.4 0.637 
Lymphocytes, % 54.4 ± 1.3 53.4 ± 1.3 0.584 
Monocytes, % 5.06 ± 0.4 4.57 ± 0.4 0.440 
Eosinophils, % 3.67 ± 0.3 3.70 ± 0.3 0.943 
Neutrophil-to-lymphocyte ratio 0.77 ± 0.07 0.82 ± 0.07 0.577 
Phagocytosis, % 55.3 ± 1.4 54.6 ± 1.4 0.721 
LPS-induced proliferation 02 1.12 ± 0.19
d
 1.56 ±  0.19
c
 0.099 
ConA-induced proliferation 02 1.40 ± 0.23 1.22 ± 0.24 0.577 
NK cytotoxicity, % 50:1 53.7 ± 5.1 43.8 ± 5.4 0.196 
Chemotaxis, C5a 45.0 ± 7.7 61.9 ± 6.9 0.108 
Plasma cortisol, ng/mL 39.1 ± 2.2 42.3 ± 2.2 0.304 
a,b
 Within a row, means without a common superscript letter differ (P < 0.05) 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10) 
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Table 6.2 Effect of stall type on behavior of gestating sows kept in 
treatment throughout gestation (least squares means ± SE) 
 Stall Type  
Behavior STS TAS P-value 
Lay    
Duration, min/bout  23.5 ± 1.0 23.3 ± 1.0 0.862 
Percentage, % 52.2 ± 1.6 50.5 ± 1.5 0.438 
Sit    
Duration, min/bout  1.02 ± 0.2 1.19 ± 0.2 0.556 
Percentage, % 3.1 ± 0.7 3.3 ± 0.6 0.876 
Stand    
Duration, min/bout  20.9 ± 0.9
b
 24.7 ± 0.9
a
 0.003 
Percentage, % 42.4 ± 1.5
d
 46.0 ± 1.5
c
 0.093 
Eat
1
    
Duration, min/bout  27.0 ± 0.8
b
 30.7 ± 0.8
a
 <0.001 
Percentage, % 46.0 ± 1.2
b
 51.2 ± 1.3
a
 0.004 
ONF    
Duration, min/bout  11.4 ± 0.8 12.4 ± 0.7 0.376 
Percentage, % 28.4 ± 1.5
d
 32.0 ± 1.4
c
 0.075 
a,b
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
1
 eat behavior only registered during time period 1 (0800-0900). 
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Table 6.3 Main effects of stall type prior to group-pen placement on 
endocrine and immune status of gestating sows (least squares means ± SE) 
 
 
Stall Type Prior to Group-
pen 
 
Immune trait STS-G TAS-G P-value 
Total WBC, 10
7
/mL 2.29 ± 0.07
a
 2.09 ± 0.07
b
 0.044 
Neutrophils, 10
7
/mL 5.67 ± 0.35 5.40 ± 0.33 0.571 
Lymphocyte, 10
7
/mL 2.94 ± 0.24 2.90 ± 0.23 0.886 
Neutrophils, % 37.7 ± 1.3 36.3 ± 1.3 0.464 
Lymphocytes, % 53.9 ± 1.4 54.9 ± 1.3 0.587 
Monocytes, % 4.67 ± 0.5 5.57 ± 0.5 0.997 
Eosinophils, % 3.69 ± 0.3 3.47 ± 0.3 0.600 
Neutrophil-to-lymphocyte ratio 0.75 ± 0.07 0.78 ± 0.06 0.799 
Phagocytosis, % 55.1 ± 1.3
a
 51.5 ± 1.2
b
 0.047 
LPS-induced proliferation 02 1.13 ± 0.12 1.34 ±  0.10 0.171 
ConA-induced proliferation 02 1.28 ± 0.12 1.07 ± 0.10 0.177 
NK cytotoxicity, % 50:1 63.4 ± 8.9
c
 44.3 ± 5.1
d
 0.069 
Chemotaxis, IL8 37.3 ± 6.3
b
 59.5 ± 6.9
a
 0.021 
Chemotaxis, C5a 44.2 ± 6.6
b
 68.6 ± 7.3
a
 0.015 
Plasma cortisol, ng/mL 35.7 ± 2.0 38.3 ± 1.9 0.348 
a,b
 Within a row, means without a common superscript letter differ (P < 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Table 6.4 Effect of stall type prior to group-pen placement on behavior 
of gestating sows (least squares means ± SE) 
 Stall Type Prior to Group-pen  
Behavior STS-G TAS-G P-value 
Lay    
Duration, min/bout  17.2 ± 1.8 17.6 ± 1.8 0.867 
Percentage, % 43.7 ± 3.6 41.1 ± 3.5 0.615 
Sit    
Duration, min/bout  2.9 ± 0.6 1.9 ± 0.6 0.242 
Percentage, % 19.0 ± 3.2 19.4 ± 3.2 0.933 
Stand    
Duration, min/bout  15.6 ± 1.5 13.2 ± 1.5 0.272 
Percentage, % 39.1 ± 3.3 36.0 ± 3.2 0.509 
Eat
1
    
Duration, min/bout  9.0 ± 2.3 9.5 ± 2.4 0.902 
Percentage, % 24.5 ± 7.2 26.9 ± 7.6 0.821 
Drink    
Duration, min/bout  0.7 ± 0.1 0.51 ± 0.1 0.185 
Percentage, % 8.2 ± 1.2 6.0 ± 1.1 0.159 
ONF    
Duration, min/bout  9.5 ± 1.2 9.1 ± 1.2 0.813 
Percentage, % 32.8 ± 3.1 31.4 ± 3.1 0.744 
a,b
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
1
 eat behavior only registered during time period 1 (0800-0900). 
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Figure 6.1 Effect of day of gestation on direction chosen by sows kept in TAS 
throughout gestation 
 
a-d
 across days of gestation, means without a common superscript letter differ (P < 0.001). 
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Figure 6.2 Effect of time period on direction chosen by sows kept in TAS throughout 
gestation 
 
a-c
 across time periods, means without a common superscript letter differ (P < 0.001). 
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Figure 6.3 Effect of stall type prior to group-pen placement and day of gestation on 
sow aggression 
 
*denotes that treatments differ (P < 0.05) on specific day of gestation. 
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Figure 6.4 Effect of stall type prior to group-pen placement and time of day on sow 
aggression 
 
*denotes that treatments differ (P < 0.01) on during specific time period. 
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APPENDIX A 
Table A.1 Effects of diet and floor space allowance on parity 1, 2-3, and ≥ 4 sow 
performance (least squares means ± SE) 
 Treatment  
 Fiber Control  
Measure 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
BCS, 1-5      
Parity 1 2.9 ± 0.8
b
 2.9 ± 0.8
b
 3.1 ± 0.7
a
 3.0 ± 0.7
a,b
 0.0001 
Parity 2-3 2.9 ± 0.6
a,b
 2.8 ± 0.5
b
 2.9 ± 0.7
a,b
 3.0 ± 0.5
a
 0.0001 
Parity ≥ 4 2.6 ± 0.5
b
 2.9 ± 0.6
a
 2.8 ± 0.5
a
 2.7 ± 0.6
a,b
 0.0001 
Weight, kg      
Parity 1 181.7 ± 3.3 179.7 ± 3.5 188 ± 3.0 185.6 ± 3.2 0.0001 
Parity 2-3 227.5 ± 2.4
a
 217.8 ± 2.1
b
 216.8 ± 2.8
b
 223.9 ± 2.3
a
 0.0001 
Parity ≥ 4 237.4 ± 2.3
b
 244.2 ± 2.4
a
 229.9 ± 2.1
c
 232.6 ± 2.4
b,c
 0.0001 
Back-fat, mm      
Parity 1 15.6 ± 0.05
b,c
 14.4 ± 0.06
c
 18.4 ± 0.05
a
 17.3 ± 0.05
a,b
 0.0006 
Parity 2-3 16.9 ± 0.04
a
 14.5 ± 0.03
b
 14.6 ± 0.04
b
 16.4 ± 0.04
a
 0.0006 
Parity ≥ 4 13.7 ± 0.04 14.0 ± 0.04 13.6 ± 0.04 13.6 ± 0.04 0.0006 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table A.2 Effects of diet and floor space allowance on parity 1, 2-3, and ≥ 4 sow lesion 
scores (least squares means ± SE) 
 Treatment  
 Fiber Control  
Lesion 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Head, 0-7      
Parity 1 3.1 ± 0.1
b
 3.7 ± 0.1
a
 3.2 ± 0.1
b
 3.6 ± 0.1
a
 < 0.0001 
Parity 2-3 3.9 ± 0.08
a
 3.7 ± 0.07
b
 3.5 ± 0.09
b
 3.5 ± 0.08
b
 < 0.0001 
Parity ≥ 4 4.0 ± 0.08a 3.7 ± 0.08b 3.9 ± 0.07a,b 4.0 ± 0.08a < 0.0001 
Ears, 0-7      
Parity 1 4.3 ± 0.9
a,b
 4.4 ± 0.1
a
 4.1 ± 0.9
b
 4.2 ± 0.9
a,b
 0.0010 
Parity 2-3 3.9 ± 0.7
b
 4.1 ± 0.06
a
 3.9 ± 0.08
b
 4.1 ± 0.07
a
 0.0010 
Parity ≥ 4 4.06 ± 0.7b 4.0 ± 0.07b 4.2 ± 0.06a 4.1 ± 0.07a,b 0.0010 
Neck, 0-7      
Parity 1 3.4 ± 0.1
a
 3.6 ± 0.1
a
 3.0 ± 0.1
b
 3.3 ± 0.1
a,b
 < 0.0001 
Parity 2-3 3.9 ± 0.09
a
 3.7 ± 0.08
a,b
 3.5 ± 0.10
b
 3.7 ± 0.08
a,b
 < 0.0001 
Parity ≥ 4 3.8 ± 0.08b 3.6 ± 0.09b 4.1 ± 0.08a 3.9 ± 0.09b < 0.0001 
Chest, 0-7      
Parity 1 0.07 ± 0.05
a,b
 0.07 ± 0.06
a,b
 0.03 ± 0.05
b
 0.18 ± 0.05
a
 0.0286 
Parity 2-3 0.11 ± 0.04 0.11 ± 0.04 0.05 ± 0.05 0.16 ± 0.04 0.0286 
Parity ≥ 4 0.13 ± 0.04a,b 0.11 ± 0.04a,b 0.17 ± 0.04a 0.03 ± 0.04b 0.0286 
Shoulders, 0-7      
Parity 1 3.7 ± 0.1 3.6 ± 0.1 3.5 ± 0.1 3.7 ± 0.1 < 0.0001 
Parity 2-3 4.1 ± 0.08
a
 3.9 ± 0.07
a,b
 3.6 ± 0.09
c
 3.7 ± 0.07
b,c
 < 0.0001 
Parity ≥ 4 3.9 ± 0.08b 3.9 ± 0.08b 4.2 ± 0.07a 4.0 ± 0.08a,b < 0.0001 
Back, 0-7      
Parity 1 3.6 ± 0.1 3.7 ± 0.1 3.4 ± 0.1 3.6 ± 0.1 0.0002 
Parity 2-3 4.1 ± 0.07
a
 3.8 ± 0.07
b
 3.8 ± 0.09
b
 3.7 ± 0.07
b
 0.0002 
Parity ≥ 4 3.9 ± 0.07b 3.9 ± 0.08b 4.2 ± 0.07a 3.9 ± 0.08b 0.0002 
Vulva, 0-7      
Parity 1 0.22 ± 0.09 0.12 ± 0.1 0.22 ± 0.09 0.17 ± 0.1 0.0023 
Parity 2-3 0.48 ± 0.07
a
 0.20 ± 0.06
b
 0.32 ± 0.08
b
 0.38 ± 0.07
a
 0.0023 
Parity ≥ 4 0.46 ± 0.07b 0.29 ± 0.07b 0.79 ± 0.06a 0.33 ± 0.07b 0.0023 
Hind Legs, 0-7      
Parity 1 1.07 ± 2.6
b
 1.3 ± .2
a,b
 1.06 ± 0.1
b
 1.6 ± 0.1
a
 0.0034 
Parity 2-3 1.6 ± 0.11 1.3 ± 0.10 1.4 ± 0.12 1.5 ± 0.11 0.0034 
Parity ≥ 4 1.3 ± 0.11b 1.8 ± 0.11a 1.3 ± 0.11b 1.4 ± 0.12b 0.0034 
Hind Hooves, 0-5      
Parity 1 0.02 ±0.06
b
 0.1 ± 0.06
b
 0.03 ± 0.05
b
 0.3 ± 0.05
a
 0.0001 
Parity 2-3 0.01 ±0.04
b
 0.22 ± 0.04
a
 0.07 ± 0.05
b
 0.15 ± 0.04
a
 0.0001 
Parity ≥ 4 0.21 ±0.04a 0.17 ± 0.04a,b 0.09 ± 0.04b 0.07 ± 0.04b 0.0001 
Getting Up, 0-3   
  
 
Parity 1 0.17 ± 0.03
a
 0.21 ± 0.03
a
 0.17 ± 0.03
a 
0.08 ± 0.03
b 
< 0.0001 
Parity 2-3 0.10 ± 0.02 0.13 ± 0.02 0.13 ± 0.02
 
0.08 ± 0.02
 
< 0.0001 
Parity ≥ 4 0.17 ± 0.02a 0.03 ± 0.02b 0.07 ± 0.02b 0.07 ± 0.02b < 0.0001 
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Table A.2 (Continued) 
 Treatment  
 Fiber Control  
 1.7 m
2
 2.3 m
2
 1.7 m
2
 2.3 m
2
 P-value 
Lameness, 0-2      
Parity 1 0.19 ± 0.04 0.18 ± 0.04 0.17 ± 0.03 0.22 ± 0.03 0.0011 
Parity 2-3 0.15 ± 0.03
a,b
 0.21 ± 0.02
a
 0.13 ± 0.03
a,b
 0.10 ± 0.03
b
 0.0011 
Parity ≥ 4 0.20 ± 0.03a,b 0.12 ± 0.03c 0.15 ± 0.02b,c 0.25 ± 0.03a 0.0011 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table A.3 Effect of parity on sow performance (least squares means 
± SE) 
 Parity  
Measure 1 2-3 ≥ 4 P-value 
BCS, 1-5 2.98 ± 0.03
a
 2.85 ± 0.02
b
 2.74 ± 0.02
c
 < 0.0001 
Weight, kg 183.8 ± 1.6
c
 221.5 ± 1.2
b
 236 ± 1.1
a
 < 0.0001 
Weight Gain, kg 12.1 ± 0.91
b
 17 ± 0.68
a
 18.5 ± 0.68
a
 < 0.0001 
Back-fat, mm 16.4 ± 0.38
a
 15.6 ± 0.28
a
 13.8 ± 0.27
b
 < 0.0001 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table A.4 Effect of parity on sow lesion severity (least squares means ± SE) 
 Parity   
Lesion 1 2-3 ≥ 4  P-value 
Total Lesion, sum 25.4 ± 0.24
c
 27.3 ± 0.18
b
 28.3 ± 0.18
a
  < 0.0001 
Head, 0-7 3.4 ± 0.05
c
 3.6 ± 0.04
b
 3.9 ± 0.04
a
  < 0.0001 
Ears, 0-7 4.22 ± 0.05
c
 4.01 ± 0.03
b
 4.1 ± 0.03
a
  0.0009 
Neck, 0-7 3.34 ± 0.06
c
 3.67 ± 0.04
b
 3.86 ± 0.04
a
  < 0.0001 
Shoulders, 0-7 3.63 ± 0.05
c
 3.83 ± 0.04
b
 4.00 ± 0.04
a
  < 0.0001 
Back, 0-7 3.58 ± 0.05
b
 3.88 ± 0.04
a
 3.96 ± 0.04
a
  < 0.0001 
Udder, 0-7 0.06 ± 0.03
b
 0.11 ± 0.02
a,b
 0.15 ± 0.02
a
  0.0480 
Rear, 0-7 3.79 ± 0.04
c
 3.91 ± 0.04
b
 4.01 ± 0.03
a
  < 0.0001 
Vulva, 0-7 0.19 ± 0.05
c
 0.34 ± 0.04
b
 0.47 ± 0.03
a
  < 0.0001 
Perineum, 0-7 0.13 ± 0.03
b
 0.24 ± 0.03
a
 0.20 ± 0.02
a,b
  0.0482 
Front Legs, 0-7 1.21 ± 0.05
b
 1.60 ± 0.04
a
 1.60 ± 0.04
a
  < 0.0001 
Front Hooves, 0-5 0.02 ± 0.02
b
 0.07 ± 0.01
a
 0.03 ± 0.01
b
  0.0201 
Getting Up, 0-3 0.16 ± 0.01
a
 0.11 ± 0.01
b
 0.09 ± 0.01
b
 
 
< 0.0001 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table A.5 Effect of parity on sow performance (least squares means ± SE) 
 Parity  
Measure 1 2-3 ≥ 4 P-value 
Litter Weight, kg 15.3 ± 0.7
c
 17.9 ± 0.5
b
 20.2 ± 0.5
a
 < 0.0001 
Live Litter Weight, kg 13.9 ± 0.7
c
 16.0 ± 0.5
b
 18.5 ± 0.5
a
 < 0.0001 
Number Males 5.9 ± 0.37
e
 5.9 ± 0.27
e
 6.7 ± 0.26
d
 0.0930 
Number Females 5.5 ± 0.35
d,e
 5.2 ± 0.35
e
 6.0 ± 0.25
d
 0.0721 
Number Born 11.5 ± 0.48
b
 11.2 ± 0.36
b
 13.0 ± 0.34
a
 0.0009 
Number Born Alive 10.1 ± 0.49
b
 10.2 ± 0.37
b
 11.5 ± 0.35
a
 0.0181 
Litter Wean Weight, kg 46.5 ± 2.4
b
 54.0 ± 1.7
a
 55.9 ± 1.7
a
 0.0047 
a-c
within a row, means without a common superscript differ (P < 0.05). 
c-e
within a row, means without a common superscript differ (P < 0.10). 
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Table A.6 Effect of parity on sow immune response (least squares means ± SE) 
 Parity  
Measure 1 2-3 ≥ 4 P-value 
Total WBC, 10
7
/mL  2.87 ± 0.08
a
 2.76 ± 0.07
a
 2.55 ± 0.07
b
 0.0098 
Lymphocyte, 107/mL  3.25 ± 0.19
a
 3.07  ± 0.17
a
 2.47 ± 0.16
b
 0.0037 
Lymphocyte, % 59.3 ± 3.9
a
 47.7 ± 3.4
b
 47.8 ± 3.2
b
 0.0401 
Total Neutrophil, % 42.4 ± 1.4
b
 45.1 ± 1.2
a,b
 47.3 ± 1.1
a
 0.0235 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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APPENDIX B 
Table B.1 Effects of housing type and parity on sow performance 
 Treatment  
Measure FLEX FREE STALL P-value 
BCS, 1-5     
Parity 1 3.6 ± 0.2
a
 3.3 ± 0.2
a,b
 3.1 ± 0.1
b
 0.0288 
Parity 2-3 3.2 ± 0.1
a,b
 3.3 ± 0.1
a
 3.1 ± 0.1
b
 0.0288 
Parity 4-5 2.9 ± 0.1 3.2 ± 0.1 3.1 ± 0.2 0.0288 
Mean BW, kg     
Parity 1 194.2 ± 6.3 193.5 ± 5.4 184.0 ± 5.0 0.0707 
Parity 2-3 208.3 ± 2.3 213.5 ± 2.4 211.7 ± 2.3 0.0707 
Parity 4-5 221.4 ± 3.3
b
 235.2 ± 4.4
a
 220.6 ± 4.9
b
 0.0707 
Mean BW Gain, kg     
Parity 1 15.3 ± 2.8 16.4 ± 2.4 14.6 ± 2.3 0.9176 
Parity 2-3 9.1 ± 1.7 10.5 ± 1.5 10.5 ± 1.4 0.9176 
Parity 4-5 8.0 ± 2.1 3.8 ± 2.8 5.5 ±3.1 0.9176 
Mean Back-fat, mm     
Parity 1 19.0 ± 0.1
a,b
 20.8 ± 0.1
a
 16.7 ± 0.09
b
 0.0004 
Parity 2-3 17.1 ± 0.05
b
 19.1 ± 0.04
a
 16.7 ± 0.04
b
 0.0004 
Parity 4-5 15.0 ± 0.06 16.1 ± 0.08 15.7 ± 0.09 0.0004 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table B.2 Effect of housing type and parity on sow immune status 
 Treatment  
Measure FLEX FREE STALL P-value 
Neutrophil, 10
7
/mL     
Parity 1 4.4 ± 0.6
b
 6.3 ± 0.5
a
 5.6 ± 0.4
a,b
 0.0568 
Parity 2-3 4.7 ± 0.2
b
 5.3 ± 0.2
a
 4.8 ± 0.2
a,b
 0.0568 
Parity 4-5 5.0 ± 0.3 4.6 ± 0.4 5.3 ± 0.4 0.0568 
Lymphocyte, 10
7
/mL     
Parity 1 2.2 ± 0.3
b
 3.2 ± 0.3
a
 2.5 ± 0.2
b
 0.0276 
Parity 2-3 2.7 ± 0.1
a,b
 3.0 ± 0.1
a
 2.6 ± 0.1
b
 0.0276 
Parity 4-5 2.4 ± 0.2 2.3 ± 0.2 2.7 ± 0.2 0.0276 
Eosinophil, %     
Parity 1 5.6 ± 1.0 4.5 ± 0.8 5.5 ± 0.7 0.9176 
Parity 2-3 6.4 ± 0.4 4.2 ± 0.4 5.6 ± 0.4 0.9176 
Parity 4-5 5.4 ± 0.5 5.3 ± 0.7 4.6 ± 0.7 0.9176 
ConA-induced proliferation 02     
Parity 1 1.4 ± 0.4 1.4 ± 0.4 1.7 ± 0.3 0.0002 
Parity 2-3 1.2 ± 0.2 1.4 ± 0.2 1.5 ± 0.2 0.0002 
Parity 4-5 1.3 ± 0.2
b
 1.2 ± 0.3
b
 3.1 ± 0.3
a
 0.0002 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table B.3 Effect of parity on sow performance 
 Parity  
Measure 1 2-3 4-5 P-value 
BCS, 1-5 3.34 ± 0.09
a
 3.20 ± 0.04
b
 3.06 ± 0.07
b
 0.0415 
Weight, Kg 190.6 ± 3.2
c
 211.2 ± 1.4
b
 225.7 ± 2.4
a
 < 0.0001 
Weight Gain, Kg 15.7 ± 2.1
a
 10.0 ± 0.9
b
 5.8 ± 1.6
c
 0.0007 
Back-fat, mm 18.9 ± 0.06
a
 17.6 ± 0.02
a
 15.6 ± 0.04
b
 < 0.0001 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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Table B.4 Effect of parity on sow lesion severity 
 Parity  
Measure
1
 1 2-3 4-5 P-Value 
Total lesion 5.83 ± 0.56
b
 6.58 ± 0.24
b
 7.84 ± 0.42
a
 0.007 
Head  1.19 ± 0.2
a,b
 1.09 ± 0.1
b
 1.52 ± 0.2
a
 0.050 
Ears 0.71 ± 0.1 0.65 ± 0.07 0.82 ± 0.11 0.407 
Neck 0.60 ± 0.1 0.50 ± 0.06 0.46 ± 0.10 0.733 
Rear 0.48 ± 0.16
b
 0.68 ± 0.07
b
 1.08 ± 0.12
a
 0.004 
Tail 0.22 ± 0.08
a,b
 0.11 ± 0.04
b
 0.31 ± 0.07
a
 0.028 
a-c
within a row, means without a common superscript differ (P < 0.05). 
1
Lesion definitions were: 0 = normal (no lesions); 1 = dehairing, callus, balding; 2 = redness, 
swelling; 3 = swelling+ callus; 4 = moderate wound, scabbed over scratch; 5 = marked wound, 
fresh scratch; 6 = severe wound, open wound; and 7 = severe swelling. 
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Table B.5 Effect of parity on sow immune Status 
 
 
Parity 
 
Immune trait 1 2-3 4-5 P-value 
Total WBC, 10
7
/mL 2.41 ± 0.09 2.32 ± 0.04 2.23 ± 0.07 0.309 
Neutrophils, 10
7
/mL 5.43 ± 0.29 4.92 ± 0.12 4.96 ± 0.21 0.258 
Lymphocyte, 10
7
/mL 2.63 ± 0.15
a,b
 2.76 ± 0.06
a
 2.46 ± 0.11
b
 0.062 
Neutrophils, % 38.5 ± 1.8
b
 37.8 ± 0.8
b
 43.2 ± 1.3
a
 0.003 
Lymphocytes, % 51.9 ± 1.8
a,b
 53.2 ± 0.8
a
 48.4 ± 1.4
b
 0.010 
Monocytes, % 4.00 ± 0.4 3.48 ± 0.2 3.47 ± 0.3 0.415 
Eosinophils, % 5.21 ± 0.5 5.41 ± 0.2 5.08 ± 0.4 0.733 
Neutrophil-to-lymphocyte ratio 0.82 ± 0.13 0.87 ± 0.06 1.06 ± 0.09 0.177 
Phagocytosis, % 58.7 ± 1.9
a
 56.9 ± 0.8
a
 53.2 ± 1.4
b
 0.035 
LPS-induced proliferation 02 1.07 ± 0.18 1.25 ±  0.08 1.28 ± 0.13 0.590 
ConA-induced proliferation 02 1.06 ± 0.21
b
 1.43 ± 0.09
b
 1.81 ± 0.17
a
 0.022 
NK cytotoxicity, % 25:1 62.6 ± 8.9 41.6 ± 3.8 38.6 ± 7.6 0.079 
Chemotaxis, IL-8 37.1 ± 11.2 60.3 ± 5.2 60.5 ± 9.4 0.160 
Chemotaxis, C5a 39.6 ± 10.4 55.7 ± 4.4 61.2 ± 7.6 0.240 
Plasma cortisol, ng/mL 31.5 ± 2.4 31.2 ± 1.0 31.6 ± 1.8 0.981 
a-c
within a row, means without a common superscript differ (P < 0.05). 
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APPENDIX C 
 
 
Table C.1 Day of gestation effects on performance and lesion score for sows kept in free-
access stall system during gestation (least squares means ± SE) 
 
 
Day of Gestation 
 
Item 0 30 89 110 P-value 
Mean BW, kg 202 ± 3.7
b
 202 ± 3.7
b
 224 ± 3.7
a
 234 ± 3.7
a
 < 0.001 
Mean BW change, kg NA -1.0 ± 1.7
c
 22.1 ± 1.7
a
 9.5 ± 1.7
b
 < 0.001 
Mean back-fat, cm 1.70 ± 0.09
b
 1.71 ± 0.09
b
 2.00 ± 0.09
a
 2.08 ± 0.09
a
 0.004 
BCS, 1-5 3.0 ± 0.2 3.8 ± 0.2 3.4 ± 0.2 3.2 ± 0.2 0.558 
a-c
 Within a row, means without a common superscript letter differ (P < 0.05). 
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Table C.2 Day of gestation effects on endocrine and immune status for sows kept in free-access stall 
system during gestation (least squares means ± SE) 
 
 
Day of Gestation 
 
Immune trait 30 31 89 110 P-value 
Total WBC, 10
7
/mL 2.63 ± 0.13
a
 2.13 ± 0.12
b
 2.25 ± 0.12
b
 2.17 ± 0.12
b
 0.022 
Neutrophils, 10
7
/mL 5.66 ± 0.44
a
 6.10 ± 0.43
a
 4.20 ± 0.45
b
 5.07 ± 0.45
a,b
 0.018 
Lymphocyte, 10
7
/mL 2.70 ± 0.20 3.3 ± 0.20 2.7 ± 0.21 2.9 ± 0.21 0.157 
Neutrophils, % 32.1 ± 2.2
c
 40.3 ± 2.2
a,b
 38.5 ± 2.2
b
 45.1 ± 2.3
a
 0.001 
Lymphocytes, % 60.4 ± 2.3
a
 52.3 ± 2.3
b
 53.4 ± 2.3
a,b
 47.6 ± 2.3
b
 0.005 
Monocytes, % 3.72 ± 0.4 2.94 ± 0.4 3.66 ± 0.5 3.87 ± 0.5 0.463 
Eosinophils, % 4.6 ± 0.5 4.8 ± 0.5 4.4 ± 0.5 3.8 ± 0.5 0.472 
Neutrophil-to-lymphocyte ratio 0.56 ± 0.19 0.98 ± 0.19 1.04 ± 0.19 1.12 ± 0.19 0.168 
Phagocytosis, % 57.6 ± 2.4 59.7 ± 2.3 60.7 ± 2.4 54.7 ± 2.4 0.311 
LPS-induced proliferation 02 1.26 ± 0.15 1.47 ±  0.14 0.97 ± 0.14 1.15 ± 0.15 0.102 
ConA-induced proliferation 02 1.48 ± 0.15
a,b
 1.66 ± 0.14
a
 1.22 ± 0.14
b
 1.19 ± 0.14
b
 0.069 
NK cytotoxicity, % 25:1 55.4 ± 10.7 59.9 ± 10.4 38.2 ± 10.7 26.1 ± 13.0 0.160 
Chemotaxis, IL-8 34.5 ± 11.4
b
 73.4 ± 12.4
a
 66.7 ± 12.2
a,b
 49.7 ± 13.6
a,b
 0.098 
Chemotaxis, C5a 36.1 ± 12.2 64.6 ± 12.3 62.7 ± 12.1 55.4 ± 14.3 0.340 
Plasma cortisol, ng/mL 29.9 ± 3.2
b
 29.0 ± 3.2
b
 38.6 ± 3.2
a
 37.9 ± 3.2
a,b
 0.059 
a-d
 Within a row, means without a common superscript letter differ (P < 0.05). 
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Table C.3 Day of gestation effect on frequency and duration of postural, maintenance, and 
stereotypic behavior for sows kept in a free-access stall system (least squares means ± SE) 
 Day of Gestation  
Behavior 30 66 87 102 P-value 
Lay      
Frequency, no. 15.4 ± 2.0 14.1 ± 2.0 16.2 ± 2.0 13.6 ± 2.0 0.780 
Duration, min 62.5 ± 7.5
b
 94.5 ± 6.8
a
 90.1 ± 6.8
a
 93.0 ± 7.1
a
 0.006 
Sit      
Frequency, no. 8.5 ± 1.5 8.4 ± 1.5 9.8 ± 1.5 9.3 ± 1.5 0.899 
Duration, min 1.26 ± 0.26 1.60 ± 0.24 1.27 ± 0.24 1.48 ± 0.25 0.712 
Stand      
Frequency, no 16.5 ± 2.0 11.9 ± 2.0 12.9 ± 1.9 11.0 ± 1.9 0.215 
Duration, min 25.0 ± 3.8
a,b
 27.7 ± 3.5
a
 15.0 ± 3.5
b
 16.7 ± 3.7
b
 0.030 
Eat      
Frequency, no 6.5 ± 2.0 5.2 ± 2.0 2.6 ± 2.0 4.7 ± 2.0 0.593 
Duration, min 2.52 ± 0.76 3.15 ± 0.62 1.41 ± 0.62 1.78 ± 0.65 0.204 
Drink      
Frequency, no 33.0 ± 7.0 21.4 ± 7.0 10.2 ± 7.0 16.8 ± 7.0 0.152 
Duration, min 0.37 ± 0.07 0.40 ± 0.06 0.30 ± 0.06 0.25 ± 0.06 0.291 
ONF      
Frequency, no. 57.8 ± 5.9
a
 31.9 ± 5.9
b
 20.8 ± 5.9
b
 27.5 ± 6.1
b
 < 0.001 
Duration, min 6.14 ± 2.3 10.6 ± 2.1 6.9 ± 2.1 5.2 ± 2.2 0.305 
Sham-chew      
Frequency, no. 30.8 ± 4.2
a
 13.2 ± 4.2
b
 14.8 ± 4.2
b
 15.4 ± 4.2
b
 0.018 
Duration, min 2.14 ± 0.50
b
 2.10 ± 0.45
b
 3.33 ± 0.45
a,b
 4.24 ± 0.48
a
 0.003 
a-d
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
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Figure C.1 Effect of day of gestation on total lesion score assessed over the entire 
body of sows kept in free-access stall system 
 
a-d
 across days of gestation, means without a common superscript letter differ (P < 0.05). 
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Figure C.2 Day of gestation effect on space utilization for sows kept in a free-access stall 
system  
 
a,b
 across days of gestation, means without a common superscript letter differ (P < 0.001). 
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APPENDIX D 
 
 
Table D.1 Day of gestation effects on endocrine and immune status for 
sows kept in various individual stall types throughout gestation (least 
squares means ± SE) 
 Day of Gestation  
Immune trait 30 89 P-value 
Total WBC, 10
7
/mL 2.20 ± 0.06 2.13 ± 0.06 0.399 
Neutrophils, 10
7
/mL 5.88 ± 0.26 5.39 ± 0.25 0.179 
Lymphocyte, 10
7
/mL 3.30 ± 0.12
a
 2.55 ± 0.12
b
 <0.001 
Neutrophils, % 35.0 ± 1.3
b
 39.9 ± 1.4
a
 0.011 
Lymphocytes, % 54.4 ± 1.3
a
 51.7 ± 1.3
b
 0.013 
Monocytes, % 5.21 ± 0.4 4.41 ± 0.4 0.195 
Eosinophils, % 3.67 ± 0.3 3.69 ± 0.3 0.943 
Neutrophil-to-lymphocyte ratio 0.68 ± 0.07
b
 0.91 ± 0.07
a
 0.018 
Phagocytosis, % 51.4 ± 1.4
b
 58.6 ± 1.4
a
 <0.001 
LPS-induced proliferation 02 1.15 ± 0.18 1.53 ± 0.19 0.146 
ConA-induced proliferation 02 1.49 ± 0.23 1.13 ± 0.24 0.269 
NK cytotoxicity, % 50:1 58.7 ± 5.3
a
 38.9 ± 4.9
b
 0.007 
Chemotaxis, IL-8 54.2 ± 21.0 54.5 ± 15.1 0.991 
Chemotaxis, C5a 44.7 ± 8.1
d
 62.2 ± 6.1
c
 0.081 
Plasma cortisol, ng/mL 40.6 ± 2.2 40.9 ± 2.2 0.927 
a,b
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Table D.2 Day of gestation effect on duration and percentage of postural, maintenance, and stereotypic behavior for 
sows kept in various individual stall types throughout gestation (least squares means ± SE) 
 Day of Gestation  
Behavior 6 30 45 65 90 110 P-value 
Lay        
Duration, min/bout  12.2 ± 2.2
c
 22.2 ± 1.5
b
 21.2 ± 1.8
b
 26.9 ± 1.8
a
 27.2 ± 1.5
a
 30.5 ± 1.7
a
 <0.001 
Percentage, % 26.5 ± 3.4
d
 47.2 ± 2.2
c
 50.9 ± 2.7
c
 59.1 ± 2.7
b
 56.7 ± 2.3
b,c
 67.5 ± 2.6
a
 <0.001 
Sit        
Duration, min/bout  0.2 ± 0.5
c
 1.2 ± 0.3
a,b
 2.1 ± 0.4
a
 1.4 ± 0.4
a,b
 0.7 ± 0.3
b,c
 1.0 ± 0.4
b
 0.022 
Percentage, % 1.6 ± 1.4 3.9 ± 0.9 4.6 ± 1.1 3.4 ± 1.1 1.9 ± 1.0 3.8 ± 1.1 0.383 
Stand        
Duration, min/bout  35.6 ± 2.0
a
 26.6 ± 1.3
a
 23.4 ± 1.6
a
 18.1 ± 1.6
b
 19.0 ± 1.4
b
 14.1 ± 1.5
c
 <0.001 
Percentage, % 70.6 ± 3.2
a
 48.9 ± 2.1
b
 43.6 ± 2.6
b
 36.6 ± 2.6
c
 35.8 ± 2.3
c
 29.7 ± 2.5
c
 <0.001 
Eat        
Duration, min/bout  NA 33.5 ± 1.0
a
 29.8 ± 1.4
b
 25.8 ± 1.2
c
 26.7 ± 1.1
b,c
 28.3 ± 1.2
b,c
 <0.001 
Percentage, % NA 55.9 ± 1.7
a
 51.5 ± 2.4
a,b
 43.9 ± 2.1
b
 45.9 ± 1.8
b
 45.9 ± 2.0
b
 <0.001 
ONF        
Duration, min/bout  22.3 ± 1.6
a
 13.3 ± 1.1
b
 12.3 ± 1.3
b
 11.7 ± 1.3
b
 6.9 ± 1.2
c
 5.0 ± 1.3
c
 <0.001 
Percentage, % 54.4 ± 3.1
a
 31.1 ± 2.1
b
 30.2 ± 2.5
b
 27.5 2.5
b,c
 22.4 2.2
c
 15.4 2.4
d
 <0.001 
a-d
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
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Table D.3 Day of gestation effects on endocrine and immune status for 
sows kept in various individual stall types prior to group-pen placement 
(least squares means ± SE) 
 Day of Gestation  
Immune trait 30 89 P-value 
Total WBC, 10
7
/mL 2.19 ± 0.07 2.19 ± 0.07 0.992 
Neutrophils, 10
7
/mL 5.31 ± 0.32 5.76 ± 0.32 0.318 
Lymphocyte, 10
7
/mL 2.88 ± 0.22 2.95 ± 0.23 0.812 
Neutrophils, % 36.4 ± 1.2 37.6 ± 1.3 0.483 
Lymphocytes, % 55.2 ± 1.3 53.6 ± 1.3 0.364 
Monocytes, % 5.12 ± 0.5 5.12 ± 0.5 0.997 
Eosinophils, % 3.29 ± 0.3 3.86 ± 0.3 0.143 
Neutrophil-to-lymphocyte ratio 0.76 ± 0.06 0.77 ± 0.07 0.914 
Phagocytosis, % 50.7 ± 1.2
b
 55.8 ± 1.2
a
 0.003 
LPS-induced proliferation 02 1.16 ± 0.10 1.31 ± 0.11 0.277 
ConA-induced proliferation 02 1.11 ± 0.10 1.25 ± 0.11 0.344 
NK cytotoxicity, % 50:1 62.9 ± 6.9
c
 44.8 ± 7.0
d
 0.059 
Chemotaxis, IL-8 46.8 ± 7.0 50.0 ± 6.0 0.719 
Chemotaxis, C5a 67.5 ± 7.2
a
 45.3 ± 6.4
b
 0.021 
Plasma cortisol, ng/mL 38.2 ± 1.9 35.8 ± 1.9 0.361 
a,b
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
c,d
 Within a row, means without a common superscript letter differ (P < 0.10). 
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Table D.4 Day of gestation effect on duration and percentage of postural, maintenance, and stereotypic 
behavior for sows kept in various individual stall types prior to group-pen placement (least squares means 
± SE) 
 Day of Gestation  
Behavior 30 45 65 90 110 P-value 
Lay       
Duration, min/bout  11.8 ± 3.0 18.3 ± 2.8 18.5 ± 3.0 19.7 ± 2.8 18.9 ± 3.1 0.328 
Percentage, % 40.5 ± 5.8 43.0 ± 5.4 44.3 ± 5.7 43.1 ± 5.4 41.1 ± 5.9 0.990 
Sit       
Duration, min/bout  3.5 ± 0.9 2.5 ± 0.9 2.8 ± 1.0 1.4 ± 0.9 2.0 ± 1.0 0.574 
Percentage, % 23.7 ± 5.1 18.1 ± 4.9 19.8 ± 5.2 17.7 ± 4.9 16.7 ± 5.3 0.889 
Stand       
Duration, min/bout  16.8 ± 2.4 12.4 ± 2.3 17.5 ± 2.5 12.9 ± 2.4 12.3 ± 2.5 0.361 
Percentage, % 44.0 ± 5.2 40.0 ± 4.9 35.9 ± 5.2 34.0 ± 5.0 34.0 ± 5.4 0.585 
Eat       
Duration, min/bout  NA 5.3 ± 3.1 11.1 ± 3.2 10.1 ± 3.4 9.3 ± 3.4 0.514 
Percentage, % NA 23.8 ± 9.9 33.9 ± 10.7 27.6 ± 10.7 17.5 ± 5 0.734 
Drink       
Duration, min/bout  0.43 ± 0.1 0.65 ± 0.1 0.68 ± 0.1 0.47 ± 0.1 0.68 ± 0.1 0.462 
Percentage, % 5.9 1.8 8.5 ± 1.7 7.9 ± 1.8 5.0 ± 1.7 8.3 ± 1.9 0.544 
ONF       
Duration, min/bout  13.0 ± 1.9
a
 10.2 ± 1.7
a,b
 10.7 ± 1.9
a,b
 7.5 ± 1.8
b
 5.3 ± 1.9
b
 0.043 
Percentage, %  41.6 ± 5.0 32.3 ± 4.7 29.8 ± 5.1 29.5 ± 4.7 27.3 ± 5.1 0.290 
a-d
 Within a row, means without a common superscript letter differ (P ≤ 0.05). 
